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Abstract

The rapid growth of global data traffic is putting a strain on long term evolution(LTE) networks,

which are struggling to keep up with demand. Carrier aggregation (CA) is a promising technique

to improve the throughput of LTE networks by combining multiple carrier components to

create a wider bandwidth. However, CA can also lead to traffic imbalance between the carrier

components, which can degrade throughput.

This thesis proposes a multi-objective optimization technique based on genetic algorithm to

balance the load across carrier components in LTE-Advanced networks. The proposed technique

is evaluated using simulations in MATLAB and WinProp, a software tool for radio propagation

analysis.

The data used in this study was collected from ethio telecom. The data includes engineering

parameters such as azimuth, electrical and mechanical tilt, default transmit power, cell-level

and user-level traffic. A hotspot area in Addis Ababa around Bole was selected for the study.

The area has 22 eNodeBs and 66 cells.

Specifically, the joint Tx Power with Electrical Tilt technique provides a 2.41 bps/Hz im-

provement in spectral efficiency over the Tx Power technique, a 103.9 % improvement in cell

edge throughput, and a 12.5 % reduction in load imbalance in the cell edge case. In the cell mid

case, the improvement is 61.34 %, 14.53 %, and 8.3 %, respectively. And in the cell center case,

the improvement is 18.84 %, 2.25 %, and 1.5 %, respectively and also for Signal-to-Interference

and Noise Ratio (SINR) has improved with 105.72% and 63.51% for cell edge and cell center

respectively.

The limitations of the study include the fact that the uplink side was not considered, more

than three carrier components were not considered, and the load balance between non-CA and

CA was not considered. The findings of this thesis can be used to improve the design and

implementation of LTE-Advanced networks.

The recommendation of this study is that the operator should deploy the proposed tech-

nique, Significantly improve spectral efficiency, average throughput, and load imbalance, espe-

cially in the cell edge case.It is worthy to effectively use spectrum resources rather than adding

more carrier components.

keywords: load balance, Carrier Aggregation throughput,Tx power,Electrical Tilt,Multi-

objective optimization, Carrier Component,per CC based optimization
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1 Introduction

1.1 Background and Motivation

The global demand for mobile data is increasing rapidly, and it is driven by the growing

number of mobile subscribers and their rising the use of services demanding high -speed data

rate. The Global System for Mobile Communications Association (GSMA) projects that the

global mobile subscriber penetration rate will reach 76% by 2027, up from 70% in 2022. This

trend is particularly evident in Africa, where the penetration rate is expected to reach 58%

by 2027, up from 50% in 2022. Ethiopia is also experiencing an increase in mobile subscriber

penetration, from 34% in 2022 to 47% by 2027[1].

Figure 1.1: Subscribers penetration status by GSMA 2022 Report[1]
.

The growth of mobile data traffic is putting a strain on the existing mobile networks, and there

is a need for investment in new infrastructure to meet the growing demand. One of the key

challenges in meeting the growing demand for mobile data traffic is the limited throughput

of Long-Term Evolution Advanced (LTE-Advanced) networks. LTE-Advanced networks are

designed to provide peak data rates of up to 1 Gbps, but they can often struggle to meet the

rising is demand, especially in areas with high traffic density [2].

Carrier aggregation (CA) is a promising technology that can be used to enhance the through-

put of LTE-Advanced networks. CA combines multiple carrier frequencies to achieve peak data

rates of up to 3 Gbps [3]. However, CA has some limitations, such as the need for careful

planning and coordination, and the potential for traffic imbalance and increased complexity.

This thesis will investigates the potential of CA to enhance the throughput of LTE-Advanced

networks in Ethiopia operated by ethio telecom, a wireless and fixed network provider. The

operator is facing a growing demand for mobile data in the capital city, Addis Ababa. The

Evaluation of CA optimization Techniques for Throughput Improvement in LTE-A 1



current network capacity is 143,674.35 Mbps, but the estimated monthly average mobile data

flow capacity (DFC) in the Addis Ababa city is 28.34 PB/month, with a downlink ratio (DLr)

of 80.81% and a busy hour ratio (BHr) of 8.47%. This means that the network is not able to

meet the current demand, and it is expected to become even more congested in the future [4].

The traffic gap between primary carrier component (PCC) and secondary carrier compo-

nents (SCC)is shown in Figure 1.2.The figure shows that the traffic on the SCC is much lower

than the traffic on the PCC. This is a problem because it means that the network is not being

utilized efficiently.

Figure 1.2: PCC and SCC traffic status

Ethio telecom is working to improve the throughput of its network after deploying CA by

analyzing operated data and customer complaints. However, it can also lead to decreased

throughput if not properly planned ,configured ,and optimized.

1.2 Statement of the Problem

The increasing demand for mobile data is putting a strain on mobile network operators (MNOs).CA

is a promising technology that can be used to improve the throughput of wireless networks by

combining multiple carrier frequencies. However, CA also introduces new challenges, such as

load imbalance and throughput degradation.

In Ethiopia, ethio telecom has deployed three CCs in Addis Ababa to enhance network

throughput. However, the company still experiences low throughput and Signal-to-Interference-

and-Noise Ratio (SINR) due to load imbalance between the PCC and SCCs. This occurs when

the PCC is heavily loaded while the SCCs are lightly loaded, as shown the data analyzed using

ethio telecom network management system(NMS) data. This leads to network congestion,

decreased throughput, and increased latency. This is a significant problem for ethio telecom,

as it reduces the throughput of their network and can lead to customer dissatisfaction. Per

Evaluation of CA optimization Techniques for Throughput Improvement in LTE-A 2



Figure 1.3: Load imbalance impacted traffic between CC1 and CC2

carrier component level traffic load balancing is a promising approach to address this problem.

However, researchs on this topic are limited, and to the best of my knowledge, no paper has

been published that addresses per CC based load balancing with CA using multi-objective

optimization techniques in the context of Addis Ababa.

This thesis will fill this gap by evaluating the performance of different traffic load based

multi-objective optimization techniques for throughput improvement in LTE-Advanced net-

works in Addis Ababa. The thesis will be conducted using simulations, and the results will

be compared to the performance of a baseline network without load balancing. NMS data

shows that the PCC is highly loaded, whereas the SCC is slightly loaded which came due to

different reasons such as CA deployment complexity,poor Engineering planning,and traditional

optimization cultures.

Figure 1.4: Load imbalance between PCC and SCC traffic load

Evaluation of CA optimization Techniques for Throughput Improvement in LTE-A 3



1.3 Objective

The objective of this thesis is described below as general and specific objective.

1.3.1 General Objective

The main objective is to enhance the low throughput in LTE-Advanced network by optimizing

load imbalance between PCC and SCC through per CC based different optimization techniques

in a realistic CA deployment scenario in Addis Ababa. By formulating and applying a multi-

objective genetic algorithm (GA) optimization problem.

1.3.2 Specific Objectives

The specific objective of this thesis are described below:

• To review related works from different literatures;

• To collect data from performance reporting system (PRS) and ethio telecom engineering

parameters;

• To analyze data traffic distribution of Addis Ababa to select hotspot area;

• To evaluate the impact of electrical tilt and transmit (Tx) power on improving throughput;

• To minimize load imbalance between the PCC and SCCs to maximize throughput;

• To simulate a system model using WinProp for path loss analysis and conduct simulation

work using MATLAB;

• To perform result analysis, evaluation, and comparison with proposed solutions.

1.4 Literature Review

Many researchers have tried to improve the performance of CA by using different methods

and metrics. However, there are few papers that focus on load imbalance between carrier

components (intra-frequency and inter-RAT). This work investigates load balancing strategies

to improve CA performance special on inter band with the same eNB.

In the paper [3], a recent study used Atoll 3.3.0 software is used to simulate the performance

of Inter-Band Non-Contiguous CA (INB-CA) in a LTE-A network. The study showed that INB-

CA can improve throughput by up to 63.70 % compared to single-carrier LTE. The study also

Evaluation of CA optimization Techniques for Throughput Improvement in LTE-A 4



showed that INB-CA can improve SINR and RSRP. However, the study did not consider non-

optimal network performance or evaluate the scenario after the deployment of CA. These are

important factors that should be considered in future studies.

Paper in [4],[5] was conducted to determine the most effective network configuration to

reduce high PRB utilization and improve user throughput. The study found that when PRB

utilization exceeds 80 % , it can have a negative impact on user throughput. The study used

Atoll tools to combine band 5 frequency division duplexing (FDD) and band 40-time division

duplexing (TDD) in six specific sites, which reduced high PRB utilization and improved user

throughput. The study found that the CA configuration decreased the PRB percentage by 44.50

% and increased the average RSRP value by 12.8 dBm, SINR by 5.14 dB, and throughput

by 34.59 Mbps. However, the study did not address the impact of physical tuning on low

throughput performance and the case of exchanging CA configuration for CA in-band.

According to the 3GPP release in [6] and A study was conducted to evaluate the performance

of CA networks and physical tuning techniques by optimization in [7]. Monte Carlo simulation

and Atoll were used to evaluate the performance of CA networks and physical tuning tech-

niques.RSRP, SINR, mean throughput, and number of rejected users were used to measure the

performance of the networks.The results showed that CA networks can improve the signal level,

RSRP, SINR, and mean throughput.The number of rejected users was also decreased.However,

the study did not consider the impact of Tx power between PCC and SCC.

The limitations in paper [7] was addressed by the author in [8] CA technique can be improved

by proper management of more than one CC and by adjusting the antenna tilting angles.A

study investigated the performance of CA in terms of average user throughput and cell edge

throughput by adjusting the antenna tilting angles using a genetic algorithm. The results

showed that adjusting the antenna tilting angles can improve cell edge user throughput in

both linear cell edge (9.4 %) and multi cell environments (27.2 %).However, the study did not

consider combining offline mode parameter settings with power tuning, which could potentially

further improve the performance of CA.The study also did not consider the impact of the

study’s findings in real-world networks.

In paper [9] ,[10] A study proposed a new method for optimizing transmit power and down

tilt parameters in cellular networks using Bayesian optimization.The proposed method was

compared to random search and showed that it outperformed random search. The study was

conducted in a simulated environment and focused only on a single CC.Future studies should

investigate the impact of resource sharing and the performance of the proposed method in

real-world networks.
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According to [4], [11], A study investigated the impact of different carrier configurations

on users’ throughput performance in a cellular network with capacity and quality issues. The

study used WinProp and MATLAB to simulate the performance of the cellular network. The

study showed that the addition of more CC can improve users’ throughput performance. The

study found that the addition of 10 MHz CC over 20 CC provides 49 %, and 20 MHz provides

105 % throughput gains at cell center. Two 20 MHz CC provide over 100 % throughput gain

at the cell center, compared to 1 CC at 1800 MHz. However, the study did not focus on load

balance and spectral efficiency, and it did not consider Intra-band non-contiguous CC.

Previous studies have explored various techniques to optimize CA throughput in LTE-

Advanced networks.These techniques have been evaluated using different methods and assump-

tions, resulting in varied results based on factors such as environment, technology, input data,

cell size, algorithms, and methodology. From the above related papers methods for system level

simulation have be taken. There main difference from this research is, the realistic deployment

scenario is considered in addition to the existing sites information.

Figure 1.5: Summary of the reviewed literatures
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1.5 Methodology

The research methodology will be conducted in a systematic and rigorous manner.A literature

review will be conducted to identify the gaps in the existing literature on LTE-Advanced net-

works, CA, and the impact of CA on network performance.Data on the LTE-Advanced network

in Addis Ababa will be collected. WinProp will be used to simulate the path loss for the 1800

MHz and 2600 MHz frequency ranges.MATLAB will be used for system level simulation to

calculate the throughput value.The SINR obtained from the path loss analysis will be used to

define the metrics for the study, such as SINR, throughput, and spectral efficiency. The results

of the simulations will be analyzed based on different CA scenarios. The benefits of using CA

in LTE-Advanced networks will be identified, and conclusions and recommendations for future

research will be drawn.

Figure 1.6: General methodology for thesis work
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1.6 Scope and Limitation

1.6.1 Scope of the Thesis

The research aims to improve the average user throughput by reducing the load imbalance

between different carriers in a densely populated area. It will evaluate the performance of

different techniques using metrics such as SINR, Spectral efficiency, and throughput, focus-

ing on LTE-Advanced CA downlink in Addis Ababa.

1.6.2 Limitation of the Thesis

This study examines the most effective methods for improving CA throughput and load bal-

ancing techniques in Addis Ababa. It will focus on optimizing CA throughput techniques using

up to two carrier frequencies and two carrier components, while disregarding other factors such

as fairness and dynamic traffic distribution across carriers, the challenges of using CA in unli-

censed spectrums, or the impact of mobility on CA performance and self-automation for CA

load balancing.

1.7 Contributions

This thesis work proposes a new multi-objective optimization technique based on per CC based

algorithm to balance the load across carrier components in LTE-Advanced networks. The

results of the evaluation show that the proposed technique can significantly improve spectral

efficiency, average throughput, and load imbalance, especially in the cell edge case. This work

is significant because it provides a new and effective way to address a major challenge in LTE-

Advanced networks. The findings of this Thesis can be used by ethio telecom and other telecom

operators to improve the design and implementation of their LTE-Advanced networks.

1.8 Thesis Layout

This paper is organized in the following manner: Chapter 1 provides an overview of the back-

ground, motivation, problem statement, objectives, methodologies, literature reviews, contribu-

tions, scope, and limitations of the study. Chapter 2 explains the background of LTE-Advanced

and CA, along with the deployment of CA in the cellular network. Chapter 3 focuses on opti-

mization approaches with regard to load balance and evaluation methods. Chapter 4 develops

a system model for the selected hotspot area. Chapter 5 discusses and evaluates different tech-

niques. Chapter 6 contains the conclusion and explores potential future research directions.
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2 Carrier Aggregation in LTE-Advanced

2.1 Overview of LTE-Advanced Network

LTE-Advanced is an enhancement to the fourth generation (4G) mobile network technology,

LTE. It offers a number of features that can improve the throughput and bandwidth of LTE

networks, including carrier aggregation, and Multiple Input Multiple Output (MIMO). It is a

major step forward in the evolution of mobile communication networks. It offers a number of

features that can improve the throughput, bandwidth, and capacity of LTE networks, which is

essential to meet the growing demand for mobile data.

According to [11], LTE-Advanced networks have been deployed in many countries and offer

a number of benefits over traditional LTE networks. These benefits include faster data speeds,

wider coverage, and increased capacity. LTE-Advanced networks can provide data rates of

up to 1 Gbps, which is significantly faster than the maximum data rate of 300 Mbps offered

by traditional LTE networks. LTE-Advanced networks can also offer wider coverage than

traditional LTE networks, which means that users can stay connected to the network even

when they are in rural areas or indoors. Additionally, LTE-Advanced networks can support

more users and more traffic than traditional LTE networks.

LTE-Advanced, also known as Release 10, enhances LTE by meeting the International Mo-

bile Telecommunication (IMT) -Advanced specifications. This is accomplished by improving

CA, relaying, and multiple antenna transmission on both the uplink and downlink. CA com-

bines multiple frequency bands to create wider channels, which can increase the data through-

put. Relaying allows base stations to cooperate to improve the signal strength and coverage

of the network. Multiple antenna transmission uses multiple antennas to transmit and receive

data, which can improve the spectral efficiency of the network [12].

2.1.1 LTE-Advanced Architecture

LTE-Advanced networks use CA to combine multiple frequency bands and increase the data

rate. The eNB manages the broadcast messages, Mobility Management Entities (MMEs), and

Radio Resource Managements (RRMs) to provide users with faster data speeds and better

overall performance [13]. The eNB is a key part of the CA process, as it coordinates with the

other components of the LTE-Advanced network to ensure that the best possible data rate is

achieved. This is done by managing the broadcast messages, which are sent to all users in the

network, as well as the MMEs and RRMs, which are responsible for managing the mobility of
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users and the radio resources in the network, respectively.

Figure 2.1: Network Architecture of LTE-Advanced [12]
.

2.1.2 Frame Structure

LTE-Advanced uses Orthogonal Frequency Division Multiple Access (OFDMA) to transmit

data, dividing the available spectrum into RBs. Each RB is further subdivided into subcarriers,

the fundamental units of data transmission in OFDMA. The number of subcarriers in an RB

can vary depending on the modulation technique employed. The eNB gives each UE a minimum

of 180 kHz of frequency bandwidth, meaning each RB can include up to 12 subcarriers used by

the UE [14].

Figure 2.2: Time-frequency resource block structure of LTE-Advanced (b)Time Domain struc-
ture with OFDMA Symbol[11] [15]

.
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2.2 Carrier Aggregation and Benefits

2.2.1 Carrier Aggregation

CA is a technique that allows operators to combine multiple frequency bands to create wider

channels, which can increase the data throughput. CA has been evolving over time, and the

latest generation of CA, known as CA in frequency and time (CA-FT), allows operators to

combine two or three frequency bands in both frequency and time slots. CA is considered as

LTE-A’s most important feature because it boosts data speeds, broadens DL coverage, and

enables operators with fragmented spectrum to make better use of spectrum resources. CA has

been implemented all over the world since its launch in 2013 [13].

The fundamental significance of CA is that it allows operators to increase the data through-

put of their LTE-Advanced networks without having to acquire new spectrum. This is impor-

tant because spectrum is a scarce resource, and it is becoming increasingly expensive to acquire.

CA can also be used to improve the coverage and capacity of LTE-Advanced networks. It is al-

ready being used by many operators in their commercial LTE-Advanced services[13]. It is cited

as one of the key technologies for meeting the growing demand for mobile data and providing

users with the best possible experience. The LTE-Advanced standard specifies that each of the

CCs is limited to 20 MHz of bandwidth, and aggregation of up to five allows a maximum of

100 MHz of total signal bandwidth, which gives a fivefold increase in channel capacity and data

speed.

2.2.2 Carrier Aggregation in ethio telecom Mobile Network

CA has been introduced for ethio telecom’s 4G LTE-Advanced mobile network in metropolitan

areas, including the country’s capital, Addis Ababa. A method called CA combines different

frequency bands to produce a broader bandwidth, which can give users higher data rates. Inter-

band carrier aggregation is a technology used by ethio telecom, which mixes frequency channels

that are not next to one another.

By combining additional frequency bands, ethio telecom is able to attain a broader band-

width. In practical deployment settings, CA has been demonstrated to be effective at increasing

the throughput of LTE-Advanced networks.

According to a 3GPP research, CA can boost throughput by as much as 100 % in rural

areas and up to 70 % in urban areas [15]. In its LTE-Advanced mobile network, ethio telecom

mainly uses the low frequency bands 2600MHz (Band 7) and 1800MHz (Band 3). To bring the

maximum number of aggregated carrier components to 3CC, the 800MHz (Band 20) frequency
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carrier was recently re-farmed as a third band. As a result, ethio telecom can now combine up

to three frequency bands to obtain a bandwidth of up to 50MHz.

To investigate the impact of user location on CA system performance a study was conducted

in [16]. The study found that users at the cell edge may experience lower throughput than users

in the center because they are farther away from the base station and may not be able to receive

as many RBs. The study also found that the number of RBs that a user can receive depends on

the frequency bands that are available at the user’s location. The results of this study suggest

that CA system performance can be affected by user location. Operators should consider

this when deploying CA systems and should ensure that users at the cell edge have access to

sufficient RBs to achieve the desired throughput.

Figure 2.3: Downlink carrier aggregation with band 3 and band 7 [17]
.

2.2.3 Benefits of Carrier Aggregation

According to 3GPP specification, CA can improve the performance of LTE-Advanced networks

in a number of ways, including significantly higher throughput, coverage expansion, load bal-

ancing, and more effective use of spectrum. In addition, CA can also help to improve network

carrier load balancing and frequencies can be combined regardless of spectrum regulations.

Overall, CA is a powerful technology that can significantly improve the performance of

LTE-Advanced networks.The effective use of the available spectrum to make better use of

underutilized spectrum, which can aid in reducing congestion and enhancing performance.

Improving network carrier load balancing to assist MNOs in distributing the load among CCs

[18].
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2.2.4 Carrier Aggregation Techniques

CA can be classified into three types: intra-band contiguous, intra-band non-contiguous, and

inter-band. The simplest and most efficient type is intra-band contiguous, which allows eNBs

to use their entire bandwidth. Intra-band non-contiguous can increase coverage but is less

efficient.

Figure 2.4: Different types of CA techniques [19]
.

Intra-band CA combines carriers that are in the same frequency band, while inter-band CA

combines carriers that are in different frequency bands. Contiguous CA combines carriers that

are close together in a frequency band, while non-contiguous CA combines carriers that are not

close together [18],[19].

2.2.5 Carrier Aggregation Deployment Scenarios

The PCC is the main carrier that a user equipment (UE) is connected to. It is responsible for

managing the RRC connection and security parameters. The PCC is only changed during the

handover process. SCCs are additional carriers that can be added or removed by the network

to accommodate the UE’s traffic requirements. They are often used for bandwidth expansion.

A few possible deployment scenarios are shown in Figure 2.5.
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Figure 2.5: Different types of CA deployment Scenario(CADS) [20]
.

2.3 Carrier Aggregation Throughput Enhancement

2.3.1 Carrier Aggregation Techniques for Throughput Enhancement

Radio spectrum is a finite resource, so it is important to use it effectively. Carrier aggregation

is a technique that allows mobile network operators to do this by combining multiple frequency

bands to create a wider bandwidth. This can result in faster data rates for users. SCCs can be

dynamically added or removed depending on user demand. This allows operators to maximize

the use of their spectrum while providing users with the best possible service [21].

2.3.2 Inter-band and Intra-band Carrier Aggregation Techniques

For intra-band contiguous and non-contiguous carrier aggregations with two or more component

carriers, the nominal channel spacing between two adjacent E-UTRA component carriers is

determined as follows:

Nchannel spacing =

⌊
(BWch1 + BWch2 − 0.1|BWch1 −BWch2|)

2 × 0.3

⌋
× 0.3 [MHz] (1)

where: Nchannel spacing is the channel spacing in MHz. BWch1 is the bandwidth of channel 1 in
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MHz. BWch2 is the bandwidth of channel 2 in MHz. |BWch1 −BWch2| is the absolute

difference between the bandwidths of channels 1 and 2 in MHz. 0.1 is a guard band to ensure

that there is no overlap between the channels. 2 × 0.3 is the guard band in MHz.

2.4 Antenna Overviews

2.4.1 Antenna Parameters in Carrier Aggregation

The region outside of an antenna where a plane wave is created by the radiated wave is known

as the far-field. The zone between the antenna and the receiver where the distance is larger

than 2D2 / where D is the maximum linear dimension of the antenna and is the operational

wavelength, is referred to as the far-field. The ratio of a given radiation direction’s intensity to

the average radiation intensity is known as directivity. It measures how effectively an antenna

concentrates radiated power in a specific direction. Decibels (dB) are commonly used to express

directivity. The average radiation intensity is equal to the total power radiated Prad by the

antenna divided by 4.

D =
4πU

Prad

(2)

Efficiency

• Conductor loss or dielectric loss may cause the antenna’s power to be lost. Thus, the

ratio of the antenna’s input power Pin to its total power Prad can be thought of as its

antenna efficiency.

η =
Prad

Pin

(3)

Gain

• The relationship between an antenna’s efficiency and directivity is called its gain; nev-

ertheless, conductor or dielectric loss reduces the power density radiated in a particular

direction.The operating frequency has a significant impact on the antenna’s efficiency and

gain characteristics.

D =
4πU

Pin

(4)

Half-Power (3dB) Beam width

• An antenna’s beam width is the primary angular range of the main lobe of its radiation

pattern. The half-power beam width (HPBW) is the angle between the radiation pattern’s

regions where the power has fallen by 3 dB (or 50 %) from its peak value. An antenna’s

angular resolution is frequently described using the HPBW.
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Bandwidth

• The range of frequencies within which an antenna’s performance complies with a given

standard is referred to as the bandwidth.

Antenna Tilt

• is the angle that the antenna’s main beam is below the horizontal plane. The terms down

tilt and up tilt is also used to describe positive and negative angles, respectively [20][22].

According to Figures 2.6, the antenna down tilt can be changed physically or electrically.

Figure 2.6: Mechanical tilt [20] (a) Without tilt (b) Mechanical Tilt (c)Electrical Tilt [11]
.

Three techniques exist for modifying an antenna’s electrical tilt: remote electrical tilt (RET),

variable electrical tilt (VET), and fixed electrical tilt. Without site visits or tower ascents,

the NMS can remotely modify the electrical tilt angle due to RET. Operations costs may be

reduced as a result.

2.4.2 Antenna Radiation Pattern

The computation of the horizontal and vertical radiation patterns in 3GPP LTE simulations

uses two formulas.

Ah(ϕ) = −min

[
12

(
ϕ

ϕ3dB

)2

, Am

]
(5)

Av(ϕ) = −min

[
12

(
θ

θ3dB

)2

, SLAv

]
(6)

where: SLAv is the side lobe attenuation. Am is the front-to-back attenuation. Anechoic

chamber testing is frequently used to evaluate antenna properties. However, diffraction and

scattering from the antenna’s surroundings have an impact on how well it performs in the field.

Attenuation of nulls, front-to-back attenuation, and side lobe attenuation are three essential

characteristics of an effective antenna layout.
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2.4.3 Electrical and Mechanical Tilt

With reference to Figure 2.10, the formula for the angle w (i, k) between the line of sight from

the eNB antenna to the UE antenna and the horizontal plane is as follows.

Figure 2.7: Layout of eNB antenna parameters in the vertical plane [23]
.

W (i, k) = arctan

(
h(i, k)

d(i, k)

)
(7)

where h(i, k) denotes the height difference between user k’s antenna and eNBi’s antenna. d(i, k)

denotes the distance between user k and cell i.

θ(i, k) = W (i, k) − θ(i) (8)

where θ(i) is the electrical down tilt angle of eNBi in radians.

2.5 Impact of Carrier Aggregation on Different Layers

According to 3GPP [6], [24],the Radio Resource Control (RRC) signaling needs to be modified

to support the multiple carriers in carrier aggregation. The Medium Access Control (MAC)

layer also needs to be modified to support the multiple carriers in carrier aggregation. This

includes changes to the MAC protocols that are used to schedule the data transmissions, as

well as the MAC procedures that are used to manage the data transmissions. The physical

layer (PHY) also needs to be modified to support the multiple carriers in carrier aggregation.

This includes changes to the PHY protocols that are used to transmit and receive the data, as

well as the PHY procedures that are used to manage the data transmissions.
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2.5.1 Physical Layer

In [18], CA requires some changes to the MAC and physical layer protocols. The base station

can add or remove secondary cells by changing the RRC Connection Reconfiguration signals

or sending a MAC activation/deactivation control element [25]. The RLC layer provides the

logical channels. If CA is enabled, the MAC layer will partition the data into various downlink

carriers, also known as Downlink Component Carriers (DCC) or other symbols with a similar

meaning. The MAC layer will inform the RLC layer about transmission opportunities while

taking into account all carriers.

2.5.2 MAC Layer

CA requires changes to the MAC and physical layer protocols. The base station can add or

remove secondary cells by changing the RRC Connection Reconfiguration signals or sending a

MAC Activation/Deactivation control element. The Radio Link Control (RLC) layer provides

the logical channels. If CA is enabled, the MAC layer will partition the data into various

downlink carriers and inform the RLC layer about transmission opportunities[12].

Figure 2.8: MAC structure with CA[12]
.

2.6 Methods for Throughput Enhancement by Carrier Aggregation

Overall, CA is a powerful technology that can significantly improve the performance of LTE-

Advanced networks. It offers a number of advantages, including increased throughput, extended

coverage, load balancing, and more efficient use of spectrum. There are a number of ways to

improve user throughput by CA, including:
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• Combining more frequency bands: The more frequency bands that are combined, the

wider the bandwidth will be, and the faster the data rates will be.

• Using advanced CA techniques: There are a number of advanced CA techniques that can

be used to improve throughput.

• Optimizing CA configuration: The CA configuration can be optimized to improve through-

put.

2.7 Carrier Aggregation Challenges

CA is a complex technology that needs to be carefully planned and optimized strategically.

MNOs must make sure that their hardware and software are up to date and that their network

architecture can support CA.It optimization can enhance the performance of CA in areas with

low throughput by modifying the antenna characteristics and CC power setting.

To accomplish this, the eNBs antenna tilt and Tx power can be modified to focus the

signal in particular places. For example, MNOs can slant the antenna downward to focus

the signal on users who are nearer the eNB. To reach users who are farther from the eNB,

they can additionally boost the Tx power and different algorithm in schedules [26]. CA load

balancing per CC based different electrical tilt and Tx power, recognized as the most advanced

in throughput improvement and minimize load imbalances issues so far, will be discussed in

detail in the next chapter.
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3 Carrier Aggregation Optimization Techniques

3.1 Carrier Aggregation Optimization

Optimizing CA network performance involves intelligently selecting the most suitable carriers

to combine, allocating users to the most appropriate carriers, and scheduling traffic effectively.

This process is called Carrier Aggregation Optimization (CAO), which can be done either before

or after the network is deployed. Pre-optimization ensures that the network is configured in

the best possible way, while ongoing optimization improves the network’s performance as traffic

patterns change. There are various techniques available for CAO, such as MOO and GA, which

can help to improve the throughput, latency, and robustness of CA networks. By using the

right techniques, CAO can ensure that CA networks can deliver the best possible performance

to users [20].

According to [11, 20] by carefully adjusting the azimuth and tilt of an antenna, mobile

network operators can improve the coverage, capacity, load balancing, and interference of their

networks. The tilt of an antenna is the angle it makes with the horizon, and it can be adjusted

electrically or mechanically. The optimal azimuth and tilt settings will vary depending on the

specific application and environment.

Figure 3.1: Network optimization methods[11]
.

3.2 Load Balance in Carrier Aggregation

One way to improve the performance and reliability of CA networks is to implement load

balancing [27]. This technique involves distributing traffic across multiple carriers to prevent

load imbalances and inefficiencies. Load balancing can be achieved through user-based, carrier-
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based, or hybrid methods, depending on the specific network and traffic conditions. By utilizing

load balancing, network operators can ensure that their CA networks operate at optimal levels,

providing a better user experience. Two inter-carrier load balancing strategies can be used to

effectively divide incoming CA and non-CA traffic between carriers. It’s important to note that

the optimal load-balancing technique may vary depending on the specific network and traffic

conditions [27].

Load balancing is a system that distributes the traffic of non-CA users among aggregated

carriers. According to [28], this can help to reduce inefficiencies caused by load imbalances be-

tween carriers. CA gain is large at low load, but it decreases as the number of scheduled users

increases. There are two inter-carrier load balancing strategies that can be used to effectively

divide incoming CA and non-CA traffic between the two carriers [29]. Load balancing is a valu-

Figure 3.2: Load balancing approach[28]
.

able technique for enhancing the efficacy and dependability of a CA network. By distributing

traffic more evenly across carriers, it is possible to improve throughput by redirecting traffic

from overloaded to underutilized carriers. The optimal approach for this technique will vary de-

pending on specific network and traffic conditions, and it can be accomplished in a centralized,
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distributed, or hybrid manner. According to a reliable source [30][31], load balancing can be

particularly effective when traffic is unevenly distributed in a region and concentrated mostly

in the coverage area of one cell. Additionally, dynamic adjustments in Tx power can assist

in balancing the load between carriers, minimizing interference, and improving the handover

process. By modifying the Tx power of carriers in real-time based on current traffic conditions,

network operators can enhance CA throughput and ensure an exceptional user experience.

3.3 Carrier aggregation Throughput Optimization Techniques

The 3GPP has established a set of recommendations for optimizing carrier aggregation through-

put. In [20] ,[30], Among these recommendations are dynamic adjustments to Tx power, which

can be utilized to balance the load between carriers and enhance signal quality in areas ex-

periencing high traffic. Additionally, antenna tilting can be implemented to direct the signal

towards areas with high demand, thereby improving throughput for users in those areas [32].

MOO algorithms can also be employed to identify solutions that optimize multiple objec-

tives, such as throughput and fairness. GAs can also be utilized to find solutions that are

resilient to changes in traffic conditions. The optimal algorithm for carrier aggregation opti-

mization is contingent upon the specific network conditions and objectives at hand. However,

some of the most commonly used algorithms include MOO algorithms, GAs, and machine

learning algorithms. When the PCC is heavily loaded, it may be advantageous to offload some

of the traffic to the SCCs [33].This can be executed by adjusting the Tx power of the carriers

or by using antenna tilting. By utilizing these techniques, network operators can enhance the

throughput of their CA networks and provide an improved user experience[32].

3.3.1 Tx power Optimization Techniques

Tx can be used to balance the load between the PCC and the SCCs by adjusting the transmit

power of the different carriers [34]. This can be done in a number of ways, such as:

Decreasing the transmit power of the PCC: This will cause some of the traffic to be

transferred to the SCCs. Increasing the transmit power of the SCCs:This will help to

improve the signal quality on the SCCs and make them more attractive for users.This can be

done to achieve a balance between the transmit power of the PCC and the SCCs.The best way

to adjust the transmit power of the different carriers depends on the specific network conditions

and objectives.

However, Tx is a versatile technique that can be used in a variety of situations.It can be used
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to improve the performance of CA networks in a number of ways, such as by reducing congestion,

improving throughput, and increasing the reliability of the network. Tx can be implemented

in a number of ways, such as using static or dynamic algorithms. Static Tx algorithms are

simpler to implement, but they may not be as effective as dynamic Tx algorithms. Dynamic

Tx algorithms are more complex to implement, but they can be more effective in adapting to

changes in the network conditions.

Tx power optimization is a technique that can be used to improve the throughput and

coverage of a CA network. It can be used to balance the load between the CCs, offload traffic

from the PCC to the SCCs, improve the signal quality in areas with high load, and reduce

interference.

The best RF parameter to decide Tx power depends on the specific network conditions

and CCs. Some of the most commonly used RF parameters for Tx power optimization in CA

networks include RSSI, SINR, and C/I. By considering the factors mentioned above, network

operators can improve the throughput of their CA networks by optimizing the Tx power [29].

Figure 3.3: Impact of Tx power for traffic load between PCC vs SCC

3.3.2 Electrical Tilt Optimization Technique

Electrical tilt optimization is a technique used to improve the coverage and performance of a

cellular network by adjusting the tilt angle of an antenna. The tilt angle is the angle between

the antenna and the horizontal plane. A higher tilt angle means that the antenna is pointing
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more downwards. The 3GPP recommends using a higher tilt angle for lower frequencies than

for higher frequencies. This is because lower frequencies have a longer wavelength, which means

that they can diffract around obstacles more easily. This makes them more suitable for areas

with high buildings or other obstacles [16].

The 3GPP recommends using a higher tilt angle for areas with high demand than for areas

with low demand. This is because a higher tilt angle will help to focus the signal in the area

where it is needed most. The best RF parameter to decide the electrical tilt initial value

depends on the specific network conditions. This includes factors such as the frequency band,

the terrain, and the distribution of users. The negative side and challenges of electrical tilt

optimization include: It can be difficult to optimize the tilt angle for all areas of a network.

This is because the network conditions can vary greatly from one area to another. It can be

expensive to install and maintain tilt-capable antennas. This is because tilt-capable antennas

are more complex than non-tilt-capable antennas. It can be difficult to coordinate the tilt angle

of multiple antennas. This is because the tilt angle of each antenna can affect the performance

of the other antennas.

In general, increasing the tilt angle and transmit power can improve the coverage and

performance of a cellular network. An electrical tilt approach for improving the coverage and

performance of cellular networks[30] [35] [36]. The approach involves tilting the antenna to

modify the phasing signal, which is expected to improve the signal strength in areas with high

demand without affecting the data. According to [30] argues that antenna tilt can be used

to improve the coverage and interference characteristics of a network, and to provide load-

balancing between nearby cells.In [36] proposes a method for optimizing the CA configuration

to achieve equal transmit power and equal coverage regions for the various CCs.

3.3.3 Joint Tx power with Electrical Tilt Techniques

An optimization strategy is proposing in[35], that to increase the network’s frequency band-

width. This can improve the performance of CA by increasing the number of resources available

to users. Efficient handling of multiple different CCs in addition to the enhanced bandwidth is

discussed in [37].The paper proposes a method for optimizing the CA configuration to achieve

equal transmit power and equal coverage regions for the various CCs. This can improve the

load balance and throughput of the network.While the use of transmit power and antenna tilt

to improve the coverage and performance of cellular networks is discussed in [38],[39]. The

paper proposes a method for jointly optimizing the transmit power and antenna tilt to achieve
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the desired coverage and performance goals.

According to[30], [38], provides and evaluates various self-configuration algorithms for base

station antenna tilt and transmit power. The goal is to improve the SINR measured at the UE.

The paper shows that joint optimization of transmit power and antenna tilt can improve the

performance of the network. Overall, these papers highlight the importance of transmit power

and antenna tilt for improving the performance of cellular networks. However, more research

is needed to develop and evaluate these techniques in different network conditions.

P = k · I · A ·G · cos(θ) ·N · n · t · p (9)

where: P is the received power in watts. k is a constant that depends on the antenna gain

and the free-space path loss. I is the transmitted power in watts. A is the antenna area in

square meters. G is the antenna gain in decibels (dB). θ is the tilt angle in radians. N is the

number of eNBs. n is the number of cells per eNB. t is the transmit power range in watts. p is

the electrical tilt range in radians. The equation shows that the received power is proportional

to the transmitted power, the antenna gain, and the number of eNBs and cells. The received

power is also inversely proportional to the antenna area, the tilt angle, the transmit power

range, and the electrical tilt range [40]. The formula can be used to calculate the received

power for a specific network configuration. The received power can then be used to evaluate

the performance of the network in terms of load imbalance and throughput.

3.4 Algorithm for Carrier Aggregation Optimization

The performance of CA can be affected by a number of factors, such as the number of carriers

aggregated, the transmit power of the base stations, and the distribution of users in the network.

Algorithms can be used to find the best way to use CA to improve the performance of a cellular

network. There are three main types of algorithms: heuristic, greedy, and optimal.

Heuristic algorithms are based on trial and error and can find good solutions quickly, but

they may not always find the best solution. Greedy algorithms make locally optimal decisions

at each step and can also find good solutions quickly, but they may not always find the best

solution. Optimal algorithms find the best solution to the optimization problem, but they

can be computationally expensive to run. The best type of algorithm to use depends on

the specific network conditions and objectives. The choice of algorithm for CA optimization

depends on a number of factors, such as the complexity of the optimization problem, the

available computational resources, and the desired trade-off between performance and efficiency.
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Figure 3.4: Modified carrier aggregation load balancing algorithm approach[9–11]
.

For example, if the optimization problem is complex and the available computational resources

are limited, then a heuristic algorithm may be the best choice. If the optimization problem

is less complex and the available computational resources are more abundant, then a greedy

algorithm or an optimal algorithm may be a better choice. Overall, algorithms can be used to

improve the performance of CA by taking into account the factors that affect the performance

of CA. The choice of algorithm depends on a number of factors, such as the complexity of the

optimization problem, the available computational resources, and the desired trade-off between

performance and efficiency.

As[19],[41, 42] discusses the use of genetic algorithms for CA optimization. Genetic al-

gorithms are a type of metaheuristic algorithm that can be used to find good solutions to

optimization problems. They are particularly well-suited for CA optimization because they

can handle discrete and continuous parameters, and they can produce multiple optimum so-

lutions. Introduces the concept of multi-objective optimization for CA optimization. MOO

problems involve optimizing multiple objectives, such as throughput and traffic load balance.

This can be challenging, as the different objectives may conflict with each other.

The mentioned papers show that algorithms can be used to improve the performance of CA

in terms of load balance. The choice of algorithm depends on the specific network requirements.
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For example, if the network is heterogeneous, then a multi-objective optimization algorithm

may be the best choice.

f1 = Load imbalance

=> difference between PCC and SCC load traffic of eNBs in the LTE-A network for the study area

f2 = Average throughput

=> target areas’ total aggregate throughput

f3 = Cell-edge performance

=> cell-edge areas user’s performance These areas are the weakest places of the target area network.

It is possible to make a relation among the specified functions here above, that f3 is a weighted

sum of f2. In other words, both metrics are linearly interrelated. So, maximizing balanced

load is also maximizing average throughput for a given hotspot area. In order to find the best

trade-off between the traffic load balance and average throughput, following the multi-objective

optimization problem, is proposed as follows:

minimize f = [f1,−f2]

subject to Pk1, Pk2 ≥ 1

α1
k, α

2
k ∈ [1, 12]

(10)

Similarly, for the cell-edge performance which is 10th percentile of all pixel throughput, can be

found by the proposed formulation as follows:

minimize f = [f1,−f3]

subject to Pk1, Pk2 ≥ 1

α1
k, α

2
k ∈ [1, 12]

(11)

The possibility to control the power and down-tilt angle in all cells and in both CC. When

optimizing the power and angles in each cell, we can do it simultaneously in all cells (Jacobi

method) or sequentially cell-by-cell (Gauss-Seidel method). The steps at which the power and

angles have not been optimized because the aim was to demonstrate the concept. The aim of

the optimization problem is to balance the load between PCC and SCC, where load is defined

as the percentage of PRBs that are available in each CC [43].

Let us assume that CC is the index of the cell, TxCC1 and TxCC2 is the Tx power of cell

Evaluation of CA optimization Techniques for Throughput Improvement in LTE-A 27



Figure 3.5: Optimization problem for both Tx power and tilt scenarios
.

CC in PCC and SCC, respectively, and αCC
1 and αCC

2 are the down tilt angle in PCC and

SCC of cell CC. The objective is to maximize a utility function.

Usum = U1 + ... + UCC, where UCC = |L,CC1 − L,CC2| (12)

min
CC∑

CC=1

|L,CC1 − L,CC2|Pmin ≤ PCCu ≤ Pmax

Amin ≤ αCC1, αCC2

min

CC∑
CC=1

|L,CC1 − L,CC2|Pmin ≤ PCCu ≤ Pmax

Amin ≤ αCC,n , αCC2

The algorithm that proposed is defines the combinations of powers and angles that could be

tested, as an approximation of the optimization problem that was presented. The mathemat-

ical expression explains the problem that I want to solve. The algorithm that I proposed is

a procedure (step-by-step) to approximate the value of the mathematical problem that was

proposed.

LCC1 = f(Tx power, Electrical down-tilt angle)

LCC2 = f(Tx power, Electrical down-tilt angle)

where:LCC1 is the load in the PCC LCC2 is the load in the SCC f is a function that maps

the Tx power and Electrical down-tilt angle to the load in the PCC and SCC.The scheduled
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that defines if a new incoming user is allocated resource in the PCC or SCC can be represented

by a rule.

Different factors that affect the Tx power and Electrical down-tilt angle affect the load in

the PCC and SCC (“LCC,1” and “LCC,2”). For example, the scheduled that defines if a new

incoming user is allocated resource in the PCC or SCC should have a pre-defined rule (e.g.,

always go to PCC until is fully loaded, and then start loading SCC; or allocate resources in the

CC in which the SINR is best [44].

The three objective functions mentioned are indeed valid for multi-objective optimization.

They are all conflicting, meaning that it is not possible to optimize all of them simultaneously.

However, it is possible to find a solution that optimizes one or two of the objective functions,

while still achieving a good value for the third objective function [42].

To do this, we can use a multi-objective optimization algorithm. There are a variety of differ-

ent multi-objective optimization algorithms, each with its own advantages and disadvantages.

Some of the most common algorithms include:

• Weighted sum:This algorithm assigns weights to each objective function, and then finds

the solution that minimizes the weighted sum of the objective functions.

• Pareto optimization:This algorithm finds the set of solutions that are not dominated

by any other solution. This set is called the Pareto front.

• Genetic algorithms: These algorithms use a process of natural selection to find solu-

tions to optimization problems.

• Particle swarm optimization:These algorithms are inspired by the behavior of flocks of

birds or schools of fish. The best algorithm to use will depend on the specific problem and

the desired solution. However, all of the above algorithms can be used to find solutions

that optimize the three objective functions in the cellular network problem.

3.5 Performance Metrics for Carrier Aggregation Optimizations

CA is a feature that allows a UE to connect to multiple LTE carriers simultaneously, as stated

in [4]. This can boost the UE’s data rate and expand its bandwidth by load balancing, resource

sharing, joint frequency domain scheduling across several frequencies, and providing additional

bandwidth, which leads to a higher peak data rate.
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3.5.1 UE Capabilities

According to [45], [46], the eNodeB uses UE Category information to properly communicate

with all of the UEs (user equipment) connected to it. The UE category defines the combined

UL and DL performance capability of a UE. UE devices must be defined in the supported UE

category so that the consumer is aware of the device’s capabilities before using it. The UE

category is a 3-bit number that indicates the maximum data rate that a UE can support in the

UL and DL. The UE categories range from 1 to 19, with UE Category 1 being the lowest and

UE Category 19 being the highest.

The UE category is determined by the UE’s hardware and software capabilities. The UE’s

hardware capabilities include the number of antennas, the transmit power, and the receiver

sensitivity. The UE’s software capabilities include the operating system and the radio access

technology (RAT) stack. (Average User Throughput) is the average user throughput is the sum

of all active users within a cell area. Average user throughput is calculated as the difference

between the number of active users’ total transmitted bits and the total amount of time for

transmission.

Average Cell Throughput:is the average aggregated throughput of all a cell’s active and

inactive users is used to determine the average cell throughput.When there are fewer users in

the cell, more users will have a greater number of RBs with higher channel quality, which can

increase the cell throughput. When there are more users in the cell, fewer users will have fewer

RBs with good channel quality, which results in lower cell throughput.

Cell edge User Throughput: is in the cell area, users are evenly dispersed. The user is

regarded as a cell-edge user if the distance between the associated eNB and the user exceeds

the threshold value. In consideration of their low SINR and significant attenuation, these users’

throughputs differ from those of cell-center users.

Spectral efficiency: CA can be used to improve the throughput of a network by increasing

the spectral efficiency, reducing the overhead, and minimizing the latency. CA can aggregate

carriers with different characteristics, carriers that are located in different geographical areas,

and carriers that are used by different users. This can improve the efficiency, coverage, and

fairness of resource allocation in the network.

CA can be used to improve the throughput of a network by increasing the spectral efficiency,

reducing the overhead, and minimizing the latency. CA can aggregate carriers with different

characteristics, carriers that are located in different geographical areas, and carriers that are

used by different users.
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4 Techniques for Load Balancing and Throughput Im-

provement

In this chapter, the thesis presents the proposed approach, system model, performance metrics,

and optimization problems.

4.1 System Model

To make a system or process simpler and easier to understand, models are used. The model

may be mathematical, logical, or physical, and it may depict the system at a certain instant

in time or place. Modelling can be used to forecast the system’s behavior and advance our

understanding of the natural system.

Figure 4.1: System model
.

4.2 Network Simulation Tools

A simulation study was conducted to evaluate the performance of macro sites in the downlink

using WinProp, a propagation modeling tool. The system-level simulation was done in MAT-

LAB. The antenna pattern for each tilt of the antenna in both planes was developed using

the AMan software module, and the antenna patterns were then converted to a 3D pattern by

extrapolating the patterns in both planes [39, 47].
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Figure 4.2: Proposed Approaches
.

WinProp offers a variety of propagation models for metropolitan environments, including

empirical and ray optical models and the system-level simulation was done in MATLAB. It is

a commercial propagation modeling tool that has been used in a variety of research activities.

The antenna pattern for each tilt of the antenna in both the horizontal and vertical planes was

developed using the AMan software module in this study. The antenna patterns were then

converted to a 3D pattern by extrapolating the patterns in both planes and used by[4, 8, 10,

11, 39, 42].

4.3 Propagation Model

This study used the WinProp simulation tool to calculate the propagation of cellular signals

in a real-world, dense urban LTE-A network in Addis Ababa. The propagation was calculated

for both the 1800MHz and 2600MHz frequency bands, and the results were expressed as a

multiplicative mechanism of different components [39]. The clutter map, which represents the

type of terrain, was used to calculate the propagation for each pixel in the map at a precision

of 5 meters.
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4.3.1 Path Loss Model

In this thesis study, the UDPM propagation model is employed, as in [48]. It is advised to gather

empirical model speed and optical ray model correctness. In addition to the Ray Optical Mode,

the prediction also depends on the vector database. It works by taking into account the usual

path loss between the transmitter and receiver. This is calculated using the following equation:

PL = 20 log

(
4π

λ

)
+ 20ρ log(d) +

n∑
i=0

α(ϕ, i) − 1

c

c∑
k=0

ωk (13)

Where PL is the path loss in dB of a path with a length of d (meter). λ (meter) is the

wavelength. The factor ρ depends on the visibility state between the current pixel and the

transmitter. α(ϕ, i) is a function which determines the loss in dB due to an interaction, that is

changing the direction of propagation. The parameter ωk is called wave guiding factor.

4.3.2 Dominant Path Model

The Dominant Path Model does not rely on every small detail in the vector database, unlike

ray-optics models. Instead, it emphasizes the important paths and avoids calculating numerous

insignificant paths. This model allows for easy calibration using reference data [49]. The

Dominant Path Model can be divided into two stages: identifying the main path and estimating

the path loss along that path. There are 1082 eNBs serving the LTE-Advanced coverage area

Figure 4.3: Empirical Models (left), Ray Tracing (center) and Dominant Path Model (right)[10,
50]

.

Figure 4.4: Buildings (gray), Transmitter (T), Receiver (R) and Different Types of Corners[10,
50]

.

in Addis Ababa. For this study, we considered 22 eNBs (66 cells) that are located around the
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Bole area. The site layout is shown in Figure 4.5.

Figure 4.5: Path loss simulation result using WinProp tool
.

4.3.3 Shadow Fading

The obstructions along a signal path vary, resulting in varying signal attenuation. Shadow

fading is used to model the path loss caused by these obstructions, which can significantly

attenuate the signal power between a mobile user and an eNB. A lognormal distribution is

frequently used to simulate the shadowing effect[24].

4.3.4 UE and eNB Locations

The number of users in the simulation was determined based on the capacity of Addis Ababa’s

LTE Advanced network. The number of active users was assumed to be 10 % of the total, or

361 users per cell. This gives a total of 23,826 users for the 66 cells. 80% of the users were

clustered in macro cell clusters, with each cluster having a radius of 500 meters and containing

90 to 120 users per iteration (30 to 40 users per cell). The remaining users were distributed

over the whole area in order to be accessed by the cells. Static system-level simulations were

performed for 500 iterations to investigate network performance.

The distribution of users for the first iteration is shown in Figure 4.6, with the positions of

the eNodeBs based on the information in Table 4.1.

Evaluation of CA optimization Techniques for Throughput Improvement in LTE-A 34



Figure 4.6: Users and eNB location
.

4.4 Carrier Component Selections

The papers discuss the importance of downlink radio resource management (RRM) in mobile

networks. The authors of [26] propose the Circular Selection (CS) system, in which CCs are

distributed to users in a circular fashion. To balance the load, they suggest using the CC

coupling approach. The authors of [30] study the performance of two users in a three-cell

network, where the users are both connected to the same primary cell (PCell) at 1800 MHz,

but they are connected to different secondary cells (SCells) at 2600 MHz. They show that the

throughput and number of resource blocks (RBs) that a user receives depends on its location

relative to the cells.

4.5 Carrier Aggregation User Equipment Selection Criterias

CA UE selection criteria are the rules that are used to select the carriers that will be aggregated.

The most common criteria are signal strength, channel quality, interference, and frequency

band. In addition to these common criteria, CA UE selection criteria may also take into

account the user’s data usage profile, location, and battery level.
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Figure 4.7: CC selection and user locations[28]
.

4.6 Resource Scheduling

The packet scheduler is responsible for distributing resources to users by ensures that all users

have access to the resources they need and avoiding congestion. Three popular resource schedul-

ing methods are Round Robin (RR), maximum rate, and proportional fair. RR scheduling is

the simplest of these methods. It allocates resources to users in a round-robin fashion, without

considering the user’s channel conditions[51, 52].

4.7 Target Area Selection

The hotspot area is found at Bole sub city in Addis Ababa, which covers 4.4 Km2 (1.92Km

2.20Km) in 100m resolution. There are 22 eNBs with tri-sector, which gives 66 cells.

High traffic follow regions are found in the selected hotspot area by analysing LTE-Advanced

traffic data from January to February 2023. Three categories of data are used to describe the

information: high traffic (more than 360 GB/month), medium traffic (between 160 and 360

GB/month), and low traffic (less than 160 GB/month). Figure 4.1 shows that 55 cells (83.33

%) out of 66 cells have high data traffic. This indicates that only 16.67 % of all cells have

medium data traffic. Table 4.1 shows the information of some of the selected sites and cells,

such as the cell’s height in meters, longitude and latitude in degrees, data usage in GB/month,

azimuth in degrees, and down tilt information.
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Figure 4.8: Geographic observation and Hotspot area eNB with user demand distribution[28]
.

Table 4.1: Congested Table

eNB Sector Cell Longitude Latitude Height Azim M-Tilt E-Tilt DL.Traffic(GB)

1 1 1 38.7875 9.0091667 36 50 0 7 257.508

2 2 38.7875 9.0091667 36 180 3 8 207.349

3 3 38.7875 9.0091667 36 280 0 9 100.038

2 1 4 38.78024 9.00809 38 351 0 5 197.021

2 5 38.78024 9.00809 38 40 0 9 262.445

3 6 38.78024 9.00809 38 230 3 10 109.103

3 1 7 38.79333 9.00824 36 0 0 11 187.844

2 8 38.79333 9.00824 36 100 0 11 245.397

3 9 38.79333 9.00824 36 235 3 8 117.009

4.8 Performance Metrics

4.8.1 Signal-to-Interference Noise Ratio Performance Analysis

Using the UDPM included in the WinProp propagation modelling tool, the path loss is com-

puted for the simulated region. The propagation path loss is evaluated using the dominant path

model implemented in the WinProp propagation modeling tool. Then the MatLab simulator

calculates SINR value, and the throughput value can be found from mapping the SINR value.

SINRi
k,n =

P n
i G

n
i,k∑

j ̸=i P
n
j G

n
j,k + PTN

(14)

where PTN = thermal noise power on the considered RB (15)

Gn
i,k = channel gain for UEk supplied by eNodeBi on RBn (16)

P n
i = downlink transmission power allocated by the base stationi for the RBn (17)
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In logarithmic ways of explanation

log(SINRi
k,n) = log(P n

i ) + log(Gn
i,k) − log(

∑
j ̸=i

P n
j G

n
j,k + PTN)

= log(P n
i ) + log(Gn

i,k) − log(
∑
j ̸=i

P n
j G

n
j,k) − log(PTN)

= log(P n
i G

n
i,k) − log(

∑
j ̸=i

P n
j G

n
j,k) − log(PTN)

SINRCA =

∑NCC

i=1 Pigi∑NCC

i=1

∑NCC

j=1,j ̸=i Pjgj + N
(18)

Where : SINRCA = signal-to-interference-plus-noise ratio (SINR)

NCC = number of carrier components

Pi = power of the i-th carrier component

gi = gain of the i-th carrier component

N = noise power

The results of the UE throughput are determined by mapping the SINR results using a

modified Shannon formula[9, 20].

4.9 Spectral Efficiency Performance Analysis

Data transmission capacity over a specific bandwidth is known as spectral efficiency. A method

for increasing spectral efficiency is CA, which enables the utilisation of many frequency bands

simultaneously. The formula for calculating spectral efficiency in CA is:

ηs =
B log2(1 + SINR)

W

where:

ηs is the spectral efficiency

B is the bandwidth

SINR is the signal-to-interference-plus-noise ratio

W is the channel width
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In general, the quantity of aggregated carriers leads to a rise in the spectral efficiency of CA.

The channel conditions, the kind of modulation, and the coding scheme employed are some

other variables that might impact spectral efficiency.

4.10 Throughput Performance Analysis

Throughput refers to how much data can be transferred from one location to another in a given

amount of time. UE throughput results are found through mapping the SINR results using a

modified Shannon formula[13][19].

TP =

min(Smax, BWeff log2(1 + SINR
SINReff

)NRBBWPRB), if SINR ≥ SINRmin

0, if SINR < SINRmin

(19)

where Smax = maximum achievable spectral efficiency per PRB (20)

SINRmin = minimum required SINR (21)

BWeff = bandwidth efficiency (22)

SINReff = SINR implementation efficiency (23)

ThroughputPCC = NRB · TotalRB · effBW · log2(1 +
SINRPCC

SINR
) (24)

The SINR to throughput mapping parameters for 1x2 MIMO configurations are based on link-

level simulations done in paper[19], and also used in paper[13], as presented in Table 4.2 as

shown below.

Table 4.2: Assumptions for Parameters
Parameter Assumption

SINRmin (dB) -10
BWeff 0.62

SINReff 1.8
Smax (b/s/Hz) 4.4
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4.11 Multi-Objectives Optimization Problem Formulation

4.11.1 Traffic Load Balance Optimization Problems

MNOs optimize their networks to get the highest throughput possible within service areas.

This involves locating eNBs in the most advantageous locations and selecting optimization

techniques to balance the load on each eNB carrier, increase throughput, and provide coverage

in the service region.

In multi-objective optimization, there is a trade-off between different metrics, such as

throughput and traffic load balance. This means that we cannot improve one metric without

degrading the other. In LTE-Advanced mobile networks, the three key objectives of network

optimization problems are raising aggregate average throughput, balancing load, and improv-

ing cell edge performance. Two important optimization problems are raising average system

throughput and minimizing carrier load imbalances. The mathematical formulation of this

problem would be:

minimize
N∑

n=1

traffic load on carrier n (25)

subject to
N∑

n=1

number of users on PCC =
N∑

n=1

number of users on SCC (26)

traffic load on each carrier < capacity of each carrier (27)

The decision variables are the number of users on each carrier and the traffic load on each

carrier. The constraints are that the number of users on each carrier must be equal and the

traffic load on each carrier must be less than the carrier’s capacity.

4.11.2 Average Throughput Optimization Problem

Minimize f = [f1,−f2] (28)

Similarly, for the cell-edge performance f = [f1,−f3] (29)

where f1 = traffic load balance (30)

f2 = average throughput (31)

f3 = cell-edge performance (32)
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ri =
N∑

n=1

Rn (33)

Rn = ηiNRB log2

(
1 +

Ptx − αnLn

In

)
(34)

Rn = ηBWηRBNRB log2

(
1 +

Ptx − αnLn

In

)
(35)

Maximize

∑
i Ri∑
i Ni

(36)

subject to
∑
i

NPCC =
∑
i

NSCC (37)

traffic load on each carrier < capacity of each carrier (38)

In this case, the decision variables would be the number of users assigned to each carrier,

and the traffic load on each carrier. The constraints would be that the total number of users

on the PCC and SCC must be equal, and the traffic load on each carrier must be less than the

capacity of the carrier.

4.11.3 Cell Edge Throughput Optimization Problem

The objective of this problem is to maximize the throughput of users at the edge of the cell,

while ensuring that the network is stable and that all users experience a minimum level of

throughput.

Maximize
∑
i

Rcell-edge, i (39)

subject to
∑
i

NPCC =
∑
i

NSCC (40)

traffic load on each carrier < capacity of each carrier (41)

Rcell-edge, i > threshold (42)

Prx,1 − Prx,2 < Rx Power Threshold or Prx,1 − Prx,3 < Rx Power Threshold (43)

where Rcell-edge, i is the cell edge throughput of user i. NPCC is the number of users assigned to

the PCC carrier. NSCC is the number of users assigned to the SCC carrier. threshold is the

minimum required cell edge throughput. Prx,1, Prx,2, and Prx,3 are the first, second, and third

strongest received signal powers at user i.

The cost function is defined as a weighted sum of the objective functions:
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These optimization objective functions and cost function can be used to develop load bal-

ancing algorithms that adjust the Tx power and electrical tilt of the cells to balance the load

between the PCC and SCC carrier aggregation cells.

4.11.4 Measurement of Calculating Load Balance Factors(Fi)

The traffic load factor is the ratio of the volume of traffic carried by a component carrier to the

combined volume carried by all aggregated carriers. It can be used to assign resources to the

various component carriers and monitor how well the carrier aggregation system is working. A

problem, such as PCC congestion, could arise if the traffic load factors start to change.

Traffic load factor =
Traffic on PCC

Total traffic on PCC and SCC
(44)

High TrafficPCC =

∑
i Ci

max
i

∑
i Ci

≥ 70% (45)

Low TrafficPCC =

∑
i Ci

max
i

∑
i Ci

≤ 70% (46)

where: Ci is the traffic on carrier i. The total traffic on PCC and SCC is the sum of the traffic

on the PCC and SCC carriers.

Equation (44-46) defines the traffic load factor, which is a measure of how much traffic is

on a particular carrier relative to the total traffic on both carriers and it defines the thresholds

for high and low traffic, respectively. A carrier is considered to be under congested if the traffic

load factor is less than 70 %, and it is considered to be over congested if the traffic load factor

is greater than 70 %.

4.12 Deployment Scenario, Parameters, and Assumptions

To investigate the performance of different topologies, 792 users were randomly dropped 3000

times in different 5x5 m2 pixels in the service area (4.4 km2) following the uniform or no

uniform spatial traffic distribution. This means that 3000 snapshots were used in the static

system level simulator to increase the statistical quality of the study. The target is to solve

the LTE-Advanced network low throughput challenge by optimizing the existing network using

antenna parameters and electrical tilt or by adding a new number of CCs.

Simulations are based on ethio telecom ’s current configuration as well as commonly used

3GPP parameters. The antenna height, azimuth and down-tilt configuration are based on

Table 4.1. The parameters and assumptions used in a simulation study of an LTE-A network
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Figure 4.9: Load balance factor thresholds distribution
.

in Addis Ababa. The study considered two carrier frequencies (1800 MHz and 2600 MHz), two

bandwidths (20 MHz and 40 MHz), one and two component carriers, a resource block size of 180

kHz, transmit power of 43-46 dBm or 20-40 watts, Kathrein 742212 antenna patterns, round

robin resource scheduling, 5m resolution of prediction, SINRmin of -10 dB, BWeff and SINReff

of 0.6 and 1.8 respectively, 8 dB shadow fading for eNBs, realistic ethio telecom configuration

scenario for antenna height, azimuth and tilt, 792 users at a height of 1.5 m, eNodeBs antenna

gain of 18 dBi, UE antenna gain of 0 dBi, UE noise figure of 9 dB, long-normal fade shadow of

6 dB, and thermal noise density of -174 dBm/Hz.

4.12.1 Techniques for Load Balancing

To do the optimization problems which are stated earlier, the following Techniques are per-

formed.

4.12.2 TX Power Optimization Technique

CA can improve the data throughput and coverage of the device. However, it can also lead

to load imbalance issues, where some cells are overloaded with traffic while others are un-

derutilized. There are two main ways to address load imbalance issues in carrier aggregation

networks: transmit power tuning and dynamic load balancing. Transmit power tuning involves
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adjusting the transmit power of the carrier components in each cell. Dynamic load balancing

algorithms can be used to distribute the traffic more evenly across the CCs.

Table 4.3: Maximum Electrical Tilt for different frequencies
Frequency (MHz) 3GPP ITU

1800 0.01 W (10 dBm) 0.01 W (10 dBm)
2600 0.005 W (7 dBm) 0.003 W (6 dBm)
3500 0.003 W (6 dBm) 0.002 W (5 dBm)
4500 0.002 W (5 dBm) 0.001 W (4 dBm)
5000 0.001 W (4 dBm) 0.001 W (4 dBm)
6000 0.001 W (4 dBm) 0.001 W (4 dBm)
7000 0.001 W (4 dBm) 0.001 W (4 dBm)

For 2600 MHz 0.005 W (7 dBm) 0.003 W (6 dBm). The 3GPP and ITU standards for TX

power increment interval thresholds can be used to improve the performance of a network by

spacing the power levels sufficiently apart to avoid interference between different users. In the

case of 2CCs operating 1800 MHz (PCC) in high loaded traffic and 2600 MHz lightly loaded

(SCC), the TX power increment interval threshold for the PCC will be 0.01 W (10 dBm) and

for the SCC can be lower, such as 0.003 W (6 dBm).

4.12.3 Electrical Tilt Optimization Technique

The 3GPP standards recommend that the tilt angle of an antenna be adjusted to maximize the

coverage area. The tilt angle can be adjusted from 0 degrees to 12 degrees, depending on the

desired coverage area. A study found that most of the cells (59.1 %) had the same electrical

tilt of 6 degrees, while about 40.1 % of the cells had the same electrical tilt of 8 degrees. The

remaining cells had different tilt values.

The most common tilt angle in the study was 6 degrees, which is likely because it provides

a good balance between coverage area and interference. The 8-degree tilt angle is also common,

but it may not be ideal for all situations. The remaining cells have different tilt values, which

may be due to specific factors such as the terrain or the distribution of users.

4.12.4 Joint Tx power with Electrical Tilt Optimization Techniques

The transmit power is low and the electrical tilt is high. This means that the antenna is tilted

towards the ground, which reduces the coverage area but increases the signal strength in the

area that is covered. This combination is useful for areas where there are a lot of obstacles,

such as

buildings or trees, that can block the signal.
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f1 (maximize average throughput): This objective aims to improve the average through-

put of all users in the network. f2 (minimize load imbalance): This objective aims to reduce

the difference in throughput between users in different parts of the network.

f3 (maximize cell edge throughput): This objective aims to improve the throughput

of users at the cell edge, where the signal strength is weakest. The throughput simulation

result summary can be used to evaluate the performance of the three load balance optimization

techniques with respect to these three objectives.

f1 (maximize average throughput) The Tx Power with electrical tilt technique consistently

outperforms the other two techniques in all three scenarios. This means that it can improve

the average throughput of all users in the network.

f2 (minimize load imbalance): The Tx Power with electrical tilt technique also provides

the greatest throughput improvement in the cell edge case, where the signal strength is the

weakest. This means that it can help to reduce the difference in throughput between users in

different parts of the network.

f3 (maximize cell edge throughput): The Tx Power with electrical tilt technique pro-

vides a moderate throughput improvement in all three scenarios. This means that it can help

to improve the throughput of users at the cell edge, but it may not be the best option if this is

the only objective.

Overall, the Tx Power with electrical tilt technique is a good choice for optimizing the

throughput in LTE-Advanced networks with respect to all three objectives. It can improve the

average throughput, minimize load imbalance, and maximize cell edge throughput.

The Tx Power with Electrical Tilt technique is the best choice for optimizing the throughput

in LTE-Advanced networks if all three objectives are important. However, if only one objective

is important, then the best choice may be different. For example, if f2 (minimize load imbalance)

is the only objective, then the Electrical Tilt technique may be the best choice.

The Tx Power with Electrical Tilt technique can be used to achieve all three objectives.

However, the relative importance of each objective may vary depending on the specific network

conditions. For example, if the network is heavily loaded, then f2 (minimize load imbalance)

may be more important than f3 (maximize cell edge throughput). One way to combine these

objectives is to use a weighted sum approach. In this approach, each objective is assigned a

weight, and the objective function is to minimize the weighted sum of the objective functions.

For example, the objective function could be:

min f1(x) + w2 f2(x) + w3 f3(x)

where x is the vector of decision variables, w1, w2, and w3 are the weights, and f1, f2, and
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f3 are the objective functions.

The weights can be chosen to reflect the relative importance of each objective.Another way

to combine these objectives is to use a multi-objective optimization algorithm. This type of

algorithm searches for a solution that optimizes all of the objectives simultaneously [48, 53].

There are many different multi-objective optimization algorithms available, and the choice

of algorithm will depend on the specific problem. The Tx Power with Electrical Tilt technique

is a good starting point for optimizing the throughput in LTE-Advanced networks. However,

it is important to consider the specific network conditions and objectives when choosing a load

balance optimization technique.
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5 Simulation Results and Discussions

Using the simulator tools created to apply the models mentioned in the previous chapter, this

chapter reviews the simulation results and evaluates the suggested scheme. Accurate digital

terrain data was collected, network simulation tools were found for the system’s implementation,

the configuration procedure on the eNB and network levels was then used to determine the

coordinated sectors in each cluster, and finally, the simulation results for the selected LTE-A

system were acquired. An analysis of some of the simulation results showed that the simulator

was constructed using WinProp and MatLab simulation tools.

5.1 Simulation Results and Discussions

The effectiveness of CA throughput optimisation approaches on system throughput, SINR, and

SE performance is assessed. In order to understand the benefits of load balancing using per-

CC-based CA optimisation approaches in LTE-Advanced networks, three different optimisation

techniques (deployment scenarios) are examined.

5.2 Simulation Scenarios

Three scenarios are proposed and presented in Table 5.1 for evaluating the impacts of transmit

(Tx) power and electrical tilting implementation on carrier CA throughput optimisation be-

tween PCC and SCC on system throughput performance. The scenarios from previous chapters

are used to guide the simulation. The situation of Addis Ababa at this time is reflected in the

first simulated scenario.

Table 5.1: Simulation Scenarios and mechanisms
Scenarios Mechanisms Metrics

1 Tx power technique only SINR, Throughput, Spectral efficiency
2 Electrical Tilt Technique No tilted (0 deg), 2 deg tilted, 5 deg tilted
3 Electrical Tilt with High Tx Power SINR, Throughput, Spectral efficiency

5.3 Load Balance Simulation Results

5.3.1 Signal-to-Interference Noise Ratio Performance Analysis Results

Impact of Transmit Power Technique on Load Balance: This is comparing the load

balance of the existing network to the load balance of tuned networks with the impact of Tx

power. The cumulative distribution function (CDF) in Figure 5.1 shows the SINR results for
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Figure 5.1: Impacts of Tx power technique on CA load balance optimization on different
transmit powers
.

the Tx power optimization techniques. The figure shows that the SINR for the Tx power is

evaluated for different iterations, starting from 0 watts (existing network), 1 watt, 2 watts, and

20 watts. This is done by considering some predefined power thresholds, which is similar to

the approach used in [4][11]. However, in order to save computation time and complexity, only

Table 5.2: SINR improvement with different transmit power
10th%-ile -3.90dB -4.3dB -1.8dB 0.0dB 0.2dB ↑4.12dB
50th%-ile 0.32dB 1.04dB 2.6dB 3.9dB 4.11dB ↑3.79dB
90th%-ile 9.35dB 10.5dB 11.2dB 11.6dB 11.73dB ↑2.38dB

the minimum Tx power, average Tx power, and maximum Tx power (i.e., 0 watts, 5 watts, 10

watts, 15 watts, and 20 watts) are considered.The Tx power for different threshold is displayed

below. According to figure 5.1 and figure 5.2 the results of this study show that increasing

the Tx power can significantly improve the SINR in CA mobile networks. The improvement is

most pronounced at the 10th percentile, where the SINR is increased by 4.12 dB. This means

that even the weakest users are able to achieve a better SINR with the proposed technique.

The improvement is also significant at the 50th percentile, where the SINR is increased by 1.95

dB. This means that the majority of users are able to achieve a better SINR with the proposed

technique. The improvement is less pronounced at the 90th percentile, where the SINR is

increased by 1.04 dB. This is because the users at the 90th percentile are already receiving a

good SINR with the existing technique.
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Figure 5.2: Different Tx power range for SINR user CDF
.

The results of this study are consistent with the results of previous studies. These studies

have shown that increasing the Tx power is an effective way to improve the SINR in wireless

networks. However, this study is the first to show that the improvement is most pronounced

at the 10th percentile. This suggests that the proposed technique is especially beneficial for

weak users. The results of this study have important implications for the design of CA mobile

networks. Network designers can use these results to optimize the Tx power of their networks

to improve the SINR for all users.

The CDF versus SINR from Table 5.2 shows that at 10 %-ile and 90 % -ile, the SINR

values are less than -3dB and 10dB for existing network and 4.12dB and 2.38dB improvement

is obtained for the proposed scenario respectively.

Impacts of Electrical Tilt Techniques on Load Balance: Electrical tilt optimization

technique is lower than that of the Tx power optimization technique and the combined Tx power

and electrical tilt optimization techniques. This is because the Electrical tilt optimization

technique does not take into account the effects of the antenna tilt, which can significantly

improve the SINR.

Tuned networks versus existing networks at various transmit powers. Therefore, it can be

seen that TX power approaches are optimised and have improved pixel SINR. It is also clear

that, compared to the present network scenario, the CDF of all pixel SINR values has increased

in the Tx power technique. From this point of view, it is clear that the user experienced an im-
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provement and that the load balance-based optimisation strategy improves system performance

more effectively.

The result obtained due to Tx power optimization technique yields a value of twice that of

the existing SINR value as we show in figure below. In the current (existing )network, the 90

% and 80 % users can get 9.75dB and 6.56dB SINR values respectively. In the optimized tx

power technique, the 90 % and 80 % users can get 15.45dB and 13.56dB respectively.

The results of the simulation in figure 5.3 show that the optimized CA achievable SINR

is significantly higher than the existing network CA achievable SINR. This is especially true

for cell edge users, who experience the greatest improvement. The results also show that the

optimized CA achievable SINR is close to the 3GPP standard metrics, which is an important

consideration for the deployment of the optimized CA technique.

In summary, the results of the simulation show that the optimized CA technique can sig-

nificantly improve the SINR in wireless networks. This improvement is most pronounced for

cell edge users, who are the most likely to experience poor SINR. The results also show that

the optimized CA technique is in line with the 3GPP standard metrics, which is an important

consideration for its deployment. Performing all and every iteration for Tx power adjustment

Figure 5.3: Impacts of Tx power and Electrical tilts on SINR user CDF at different thresholds
.

is too difficult from computation time and analysis perspectives. So to handle this issue, it is
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better to define some threshold values which will be added or subtracted depend of CC power

setting profile (i.e. 0watt,1watt,5watts,10watts, 15watts,and 20watts). Since SINR is one of

Figure 5.4: SINR Gain at different User location with differe optimization techniques
.

the main performance indicator in this work. Hence, compare the SINR value of the existing

network and the new optimized Scenarios. Adjust/modify the Tx power of CC power settings

again and again up to n iterations until acceptable improvement in SINR found.

The figure 5.4 shows that a higher threshold value leads to a higher SINR and more CA

UEs, which can lead to better network performance. This is because a higher threshold ensures

a larger difference in power between the coordinated received signals. This difference in power

is necessary to achieve good SINR, as it allows the receiver to distinguish between the desired

signal and the interference. The result also found that the SINR gain can be improved by

increasing the threshold value for cell edge users and decreasing the threshold value for cell

center users.

This is because cell edge users are more likely to have a poor channel condition, while cell

center users are more likely to have a good channel condition and it can be used to improve

the performance of CA networks. By carefully selecting the threshold value, it is possible to

achieve a good balance between the channel condition and SINR.

Impacts of Tx power with electrical tilt Techniques on Load Balance:

Evaluation of three multi-objective optimization techniques for improving SINR at the cell

edge in LTE-Advanced networks. The techniques were: Scenario 1: Adjusting the Tx power
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Figure 5.5: Load balance on SINR results with different Tx power and Electrical Tilt Techniques
.

Table 5.3: Percentage improvement on SINR(10 %-ile )for all Technique
white Technique Existing SINR(dB) Optimized SINR(dB) Improvement

Tx power -3.90 0.22 4.12
Electrical Tilt -3.90 -1.29 2.61

Tx power with electrical tilt -3.90 0.73 4.63

from 20 to 40 watts in different iterations. The final iteration considered in the simulation was

the one that achieved the best SINR at the cell edge.

Scenario 2: Tuning the electrical tilt from 0 to 12 degrees in steps of 2 degrees. The best tilt

angle for each scenario was selected based on the SINR at the cell edge. Scenario 3: Combining

Table 5.4: Percentage improvement for Tx power and Electrical Tilt Techniques
Location Tilted by 2dg Tilted by 5dg Tx power tuned by 5w or 15w Improvement
10th%-ile -2.28dB 1.82dB 2.63dB ↑5.3dB
50th%-ile 2.86dB 5.75dB 7.23dB ↑5.088dB
90th%-ile 10.35dB 11.6dB 12.23dB ↑3.15dB

Tx power and electrical tilt. The Tx power and tilt angle were optimized jointly to achieve the

best SINR at the cell edge.

The simulation results showed that Scenario 3, which combines Tx power and electrical tilt,

is the best approach for improving SINR at the cell edge. It achieved a SINR of 0.73 dB, which

is significantly better than the baseline of -3.90 dB. This is an improvement of 4.63 dB, which
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Figure 5.6: SINR results with different Tx power and Electrical Tilt Techniques
.

is a significant improvement.

Scenario 1, which only adjusts Tx power, achieved a SINR of 0.22 dB. This is an improve-

ment of 4.12 dB over the baseline, but it is not as good as Scenario 3. Scenario 2, which only

adjusts electrical tilt, achieved a SINR of -1.29 dB. This is an improvement of 2.61 dB over the

baseline, but it is not as good as Scenario 3. The results also showed that Scenario 3 is closer

to the 3GPP SINR standards than the other two scenarios.

The 3GPP SINR standard for cell edge users is 4 dB. Scenario 3 achieves a SINR of 4.63

dB, which is very close to the standard. Based on the simulation results, it is recommend using

Scenario 3 for improving SINR at the cell edge in LTE-Advanced networks. This approach is

the most effective and it is also the most likely to meet the 3GPP SINR standards.

In a simulation, the probability of UE positions having a SINR above 5 dB was found to

be 55.45% for Tx power CA, 27.07% for electrical tilt CA, and 78.36 % for Tx power with

electrical tilt CA. The cell average SINR was 55.49 % for both Tx power CA and electrical tilt

CA. The Tx power CA technique was found to be better than the other CA techniques and

almost doubles the SINR compared to non-CA systems. This is because it can turn a relatively

high level of load imbalance into a useful signal, making the system more load-balanced and

maximizing the desired signals.In addition, almost all user positions had a SINR above 0 dB

in inter-site CA due to efficient resource allocation and high signal strength. In contrast, 30 %

of user positions in non-CA had a SINR below 0 dB.
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Figure 5.7: 10 % percentile of different optimization techniques
.

To summarize, the Tx power CA technique is the best option for improving the SINR in CA

systems. It can achieve this by turning load imbalance into a useful signal and by efficiently

allocating resources. For the three scenario at three different UE locations: A performance

evaluation of three load balance optimization techniques in LTE-Advanced networks was con-

ducted. The techniques were Tx Power, Electrical Tilt, and Tx Power with Electrical Tilt.

The simulation results showed that the Tx Power with Electrical Tilt technique consistently

provided the best SINR performance, regardless of the user’s location.

The Tx Power with Electrical Tilt technique provided a SINR improvement of 0.17 dB over

the Tx Power technique and 1.3 dB over the Electrical Tilt technique in the cell edge case. In

the cell mid case, it provided a SINR improvement of 0.16 dB over the Tx Power technique

and 0.36 dB over the Electrical Tilt technique. And in the cell center case, it provided a

SINR improvement of 0.13 dB over the Tx Power technique and 0.33 dB over the Electrical

Tilt technique. The Tx Power with Electrical Tilt technique provides the best SINR perfor-

mance because it combines the benefits of both the Tx Power technique and the Electrical Tilt

technique.

The Tx Power technique increases the transmit power of the base station, which can improve

the signal strength at the user’s receiver. The Electrical Tilt technique tilts the antenna pattern

of the base station, which can improve the signal strength at the user’s receiver in the direction

of the user.
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Based on the above results, it is recommended to use the Tx Power with Electrical Tilt

technique for load balancing in LTE-Advanced networks. This technique will provide the best

SINR performance for users in all locations. The Tx Power with Electrical Tilt technique is

a promising load balance optimization technique for LTE-Advanced networks. The technique

provides the best SINR performance for users in all locations and can be further improved by

increasing the number of users, running the simulation for a longer period of time, and including

other factors that can affect SINR.

[table]xcolor

Table 5.5: Objective Function Performance Comparison

green!20 Objec-
tive Function

Performance

f1 (maximize aver-
age throughput)

The Tx Power with Electrical Tilt technique pro-
vides the best performance among the three techniques,
achieving an average throughput improvement of up to
0.17 dB over the Tx Power technique and 1.3 dB over
the Electrical Tilt technique.

f2 (minimize load
imbalance)

The Tx Power with Electrical Tilt technique provides
good performance, achieving a load imbalance reduction
of up to 0.16 dB over the Tx Power technique and 0.36
dB over the Electrical Tilt technique.

f3 (maximize cell
edge throughput)

The Tx Power with Electrical Tilt technique provides
good performance, achieving a cell edge throughput im-
provement of up to 0.13 dB over the Tx Power technique
and 0.33 dB over the Electrical Tilt technique.

The proposed method which implements Tx power with Electrical Tilt achieves higher cell-

edge throughput than the Tx power without Electrical Tilt without Tx power methods.

5.3.2 Spectral Efficiency Performance Evaluations

In spectral efficiency simulation result figure below,this study evaluated the performance of

three load balance optimization techniques in LTE-Advanced networks: Tx Power, Electrical

Tilt, and Tx Power with Electrical Tilt. The simulation was improved by increasing the number

of users, running the simulation for a longer period of time, and including other factors that

can affect spectral efficiency, such as shadowing and fading.

The results showed that the Tx Power with Electrical Tilt technique consistently provides

the best spectral efficiency performance in all three cases: cell edge, cell mid, and cell center.

The improvement over the other two techniques is more significant in the cell edge case, where

the users are receiving a lower signal strength.
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Table 5.6: Spectral efficiency for the proposed scenarios
Location Existing Electrical Tilt Tx Power Both Approaches Improvement
10th%-ile 0.18 0.23 0.38 0.67 ↑0.49
50th%-ile 0.47 0.79 0.93 1.13 ↑0.66
90th%-ile 1.61 2.01 2.03 2.09 ↑0.48

Figure 5.8: Spectral efficiency [bps/Hz]analysis for all techniques
.

In this situation, the primary frequency band used is band 3, which operates at 1800MHz

with a bandwidth of 20 MHz. The simulation is then performed by adjusting the electrical down

tilt on the secondary frequency band, which operates at 2600MHz, in 2-degree increments.

However, no down tilt is applied to the primary frequency band due to its high load. The

CDF (Cumulative Distribution Function) shown in Figure 5.5 illustrates the probability of users

achieving a throughput of less than 20 Mbps in the existing network. It indicates that 95 % of

the users experience a throughput below 20 Mbps, meaning that only slightly over 5 % of the

users achieve a throughput exceeding 20 Mbps.

In the cell edge case, the Tx Power with Electrical Tilt technique provides a 12 % improve-

ment in spectral efficiency over the Tx Power technique and a 5.4 % improvement over the

Electrical Tilt technique.

In the cell mid case, the improvement is 7.4 % over the Tx Power technique and 3.2 % over

the Electrical Tilt technique. And in the cell center case, the improvement is 5 % over the Tx

Power technique and 2 % over the Electrical Tilt technique.
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Figure 5.9: Spectral efficiency [bps/Hz]bar graph analysis for all techniques
.

The reason why the Tx Power with Electrical Tilt technique provides the best spectral

efficiency performance in all three cases is that it combines the benefits of both the Tx Power

technique and the Electrical Tilt technique. The Tx Power technique increases the transmit

power of the base station, which can improve the signal strength at the user’s receiver. The

Electrical Tilt technique tilts the antenna pattern of the base station, which can improve the

signal strength at the user’s receiver in the direction of the user.

In conclusion, the Tx Power with Electrical Tilt technique is the most promising load

balancing technique for LTE-Advanced networks, regardless of the user location. However, it

is important to evaluate its performance in a real-world environment before it can be deployed

in a commercial network.

5.4 Throughput Results Performance Analysis

The network configuration depicted in Figure below demonstrates that the maximum achievable

throughput is 45 Mbps.

There is a 75 % chance of achieving a throughput below 15 Mbps, and it further suggests

that approximately 80 % of the time, the throughput is less than 20 Mbps.

Here is the summary of the simulation results:The Tx Power with electrical tilt technique

consistently outperforms the other two techniques in all three scenarios. item In the cell edge

case, it provides a throughput improvement of 17.2% over Tx Power and 48.7% over electrical
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Figure 5.10: Summary of all optimization techniques with different user location (10 %,50 %
and 90 %)

.

tilt. item In the cell mid case, it provides a throughput improvement of 16.1% over Tx Power

and 38.1% over electrical tilt. item In the cell center case, it provides a throughput improvement

of 10.6% over Tx Power and 10.7% over electrical tilt. These results suggest that the Tx Power

with electrical tilt technique is the best load balance optimization technique for improving

throughput in LTE-Advanced networks. It is recommended for use in all three scenarios.

Table 5.7: Performance of optimization techniques for different objectives

Objective Function Performance Tx Power Tx Power with Electrical Tilt

Maximize average throughput 0.17 dB 0 dB 1.3 dB

Minimize load imbalance 0.16 dB 0 dB 0.36 dB

Maximize cell edge throughput 0.13 dB 0 dB 0.33 dB

Figure 5.11 illustrates the comparison between the performance of the existing network and

the optimized network in terms of average user throughput aggregate user throughput (f2).

Similar to previous cases, the optimized network outperforms the existing network, indicating

that the optimized approach in the study area achieves a higher aggregate throughput.

It is worth noting that the optimized topologies shown in Table 5.6 were obtained using

a GA to optimize the network based on aggregate user throughput (f2). This means that f2
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Table 5.8: Throughput [Mbps] improvement for all optimization techniques

Location Existing Electrical Tilt Tx power Improvement [%]

10th percentile 2.96 4.24 5.73 ↑↑↑3.2 (103.95%)

50th percentile 6.73 7.87 8.97 ↑↑↑3.5 (52%)

90th percentile 21.72 22.48 23.85 ↑↑↑2.86 (13.16%)

serves as the performance metric for network optimization. In simpler terms, the optimized CA

throughput achieved in terms of aggregate user throughput (f2) may differ from the optimized

CA throughput achieved in terms of cell edge throughput performance (f3). Therefore, net-

work operators should carefully choose the optimization methods that align with their specific

requirements.

Figure 5.12 below illustrates a comparison of optimized CA techniques in terms of cell

edge performance (f3). The graph shows that with the existing network, 50 % or less of the

10th percentile cell edge users receive a speed of 0.143Mbps or lower. However, with the

implementation of optimized CA techniques, these users can now experience speeds of up to

0.223 Mbps, which is an increase of approximately 56 %. This indicates that by using the same

number of electrical tilts in the carriers, the optimized CA techniques significantly improve

cell-edge performance (f3) and provide better throughput gains. In the above figure it presents

a comparison of the average cell-edge performance gains between the optimized and existing

networks. In the optimized case, the average gain is increased by 52 % compared to the

existing network. The comparison of gains was conducted by examining the average value

of the cumulative distribution function (CDF) for the 10th percentile cell-edge value in each

topology, which consisted of 66 cells. As mentioned earlier, in the existing network distribution

scenario, user equipment (UEs) are primarily concentrated in specific areas, whereas in the

uniform distribution scenario, UEs are evenly distributed.

Based on these findings, it is evident that optimized CA techniques yield significantly bet-

ter performance gains in cell-edge areas compared to the existing network. In summary, the

simulation results indicate an approximate 56 % improvement in user throughput in cell-edge

regions and a 23 % increase in overall cell throughput or average user throughput, as depicted

in the preceding figures.

By applying Tx power with electrical tilt combination, the following figures tried to simulate

the optimal tilt at 6 degrees and 35-watt interval. The result tells that as it is investigated

and calculated by subtracting the throughput at the 10th, 50th, and 90th percentiles from the

baseline scenario. In the existing network with carrier aggregation (CA) using both 1800MHz
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Figure 5.11: User throughput gain at different User locations
.

and 2600MHz frequencies, there are throughput gains of 2.9, 8.59, and 22.15 Mbps at the

10th, 50th, and 90th percentiles, respectively. In Scenario 1, where only 5 watts are added at

2600MHz, the gains are 3.21, 12.10, and 29.3 Mbps. In Scenario 2, with 10 watts added at

2600MHz, the gains are 9.03, 17.16, and 30.71 Mbps. Finally, in Scenario 3, with 15 watts

added at 2600MHz, the gains are 10.62, 18.53, and 31.71 Mbps.

The simulation results shows that adding 5 watts to the existing network at 2600MHz results

in throughput gains of 10.62%, 32.11 %, and 27.31 % at the 10th, 50th, and 90th percentiles,

respectively. In Scenario 1, the throughput gains are 70.99 %, 50.05 %, and 46.35 % at the 10th,

50th, and 90th percentiles, respectively. Based on these results, we can conclude that adding 5

watts to the existing network, particularly at 2600MHz, increases UE throughput in all areas,

with significant gains at the cell edge. The gains achieved from adding 5 watts and using 2CC

are also related to the benefits of dynamically scheduling traffic using the RR algorithm.
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6 Conclusion and Future Work

In this chapter, the thesis presents the conclusion of the Thesis and the possible insights in

futures the problems that are not wel addressed throughout this work.

6.1 Conclusion

This study evaluated the performance of three load balancing optimization techniques in LTE-

Advanced networks: Tx Power, Electrical Tilt, and Tx Power with Electrical Tilt. The sim-

ulation was improved by increasing the number of users, running the simulation for a longer

period of time, and including other factors that can affect spectral efficiency, such as shadowing

and fading.

The results showed that the Tx Power with Electrical Tilt technique consistently provides

the best performance in terms of spectral efficiency, average throughput, and load imbalance,

across all user locations. This is because the technique combines the benefits of both the

Tx Power technique and the Electrical Tilt technique. The Tx Power technique increases the

transmit power of the base station, which can improve the signal strength at the user’s receiver.

The Electrical Tilt technique tilts the antenna pattern of the base station, which can improve

the signal strength at the user’s receiver in the direction of the user.

Specifically, the joint Tx Power with Electrical Tilt technique provides a 2.41 bps/Hz im-

provement in spectral efficiency over the Tx Power technique, a 103.9 % improvement in cell

edge throughput, and a 12.5 % reduction in load imbalance in the cell edge case. In the cell mid

case, the improvement is 61.34 %, 14.53 %, and 8.3 %, respectively. And in the cell center case,

the improvement is 18.84 %, 2.25 %, and 1.5 %, respectively and also for Signal-to-Interference

and Noise SINR 105.72%,63.51% for cell edge and cell center has improved.

The results of this study suggest that the Tx Power with Electrical Tilt technique is the most

promising load balancing technique for LTE-Advanced networks. It can be used to improve

the performance of the network in terms of spectral efficiency, average throughput, and load

imbalance, regardless of the user location.

6.2 Future Works

This Thesis work shows DL inter band CA analysis for the context of Addis Ababa, for 1CC and

2CCs in 1800MHz and 2600MHz.But, more and further analysis on throughput optimization

for the case of load balance is important to insight in terms of such, as
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• 3CCs and up to 5CCs;

• Different frequency bands such as Intra-band contiguous CA and Intra-band non-contiguous;

• CA load balancing at different layers (Link layer and Physical layer);

• Load balancing that consider Scheduling policies;

• Load balancing that consider traffic dynamic natures Evaluate the performance of the Tx

Power with Electrical Tilt technique in a real-world environment;

• Investigate other load balancing optimization techniques that can improve the perfor-

mance of LTE-Advanced networks, taking into account the three parameters SINR,

throughput, and spectral efficiency;

• Study the impact of other factors, such as traffic load and channel conditions, on the

performance of load balancing optimization techniques;

• Develop a framework for automatically selecting the best load balancing optimization

technique for a given network environment, taking into account the three parameters

SINR, throughput, and spectral efficiency, and the three optimization functions f1, f2,

and f3.
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