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ABSTRACT: 

In LTE, the handover is a hard handover; the UE is first connected to the source 
eNodeB, then it gets unattached to the network to connect again to the target 
eNodeB. This procedure is not fail safe and may cause a call drop. 
In this project the influence of some handover related parameters such as hysteresis 
margin, Time-to-Trigger, antenna configuration, route trajectory and UE 
parameters, is studied to show their impact in the handover performance.  
Simple synthetic scenarios are simulated to evaluate the effect of each parameter on 
the handover procedure. With this analysis we obtain the worst handover conditions 
for simple scenarios. 
A method to study handovers in a 3D city model is developed using a deterministic 
prediction tool, Ray Tracing. With this method we identify problematic areas for 
handovers inside a real city. 
Finally, with the technique developed here, some routes in this city with possible 
call drops due to bad handovers are selected and examined in more detail. 
This study can help operators optimizing their network deployments and also, help 
chip vendors to know in which handover problematic areas their devices can be 
tested.  
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Resum del projecte Resum del projecte Resum del projecte Resum del projecte     

Els handovers en LTE són hard handovers. Primerament el UE està connectat a un 
eNodeB, a continuació en queda completament desconnectat de la xarxa per, finalment, 
connectar-se a l’eNodeB de destinació. Aquest procediment pot tenir nombrosos problemes 
i la trucada pot caure. 

Diversos paràmetres relacionats amb aquest procediment, com per exemple, el marge 
d’histèresis, el temporitzador Time-to-Trigger, la configuració de les antenes, la trajectòria 
de la ruta i també paràmetres relacionats amb el UE són analitzats en aquest projecte per 
identificar i qualificar la seva influència en el procés de handover.  

En una primera fase, es dissenyen escenaris simples per poder avaluar l’efecte de cadascun 
dels paràmetres anteriorment mencionats. Aquest anàlisis ens permet trobar les pitjors 
condicions per a un procediment de handover. 

Posteriorment, es desenvolupa un mètode per estudiar l’impacte dels handovers en un 
model 3D d’una ciutat real utilitzant una eina determinística, Ray Tracing. Aquest mètode 
permet identificar àrees problemàtiques per els handovers dins d’una ciutat real. 

Finalment, rutes específiques són analitzades amb més detall dins de les àrees 
problemàtiques sel·lecionades amb el mètode anterior.  

La metodologia i anàlisis proposats durant aquest projecte poden ajudar tan a operadors 
mòbils com a desenvolupadors de xips de comunicacions. Els primers podran optimitzar les 
seves xarxes a les zones on hi ha problemes de handover, i els segons podran saber a quines 
àrees anar a testejar els seus prototips sota condicions de handover extremes.  

    

 

 





 

Resumen del proResumen del proResumen del proResumen del proyecto yecto yecto yecto     

En LTE los handovers son hard handovers. Primero el UE está conectado a un eNodeB, 
luego se desconecta completamente de la red móvil, y finalmente se vuelve a conectar al 
eNodeB de destino. Este proceso puede tener algún problema y la llamada se puede perder. 

Varios parámetros relacionados con el proceso de handover tal como el margen de 
histéresis, el temporizador Time-to-Trigger, la configuración de las antenas, la trayectoria 
de la ruta y otros parámetros relacionados con el UE son analizados en este proyecto para 
saber que influencia tienen en el proceso de handover. 

Para empezar, se han diseñado una serie de escenarios simples donde se evalúa el efecto de 
cada uno de los parámetros anteriormente mencionados. Este análisis no permite encontrar 
las peores condiciones para el procedimiento de handover. 

Posteriormente, se desarrolla un método para estudiar el impacto de los handovers en una 
ciudad real modelada en 3D utilizando una herramienta determinista, Ray Tracing. Este 
método nos permitirá encontrar áreas problemáticas para los handovers dentro de una 
ciudad real. 

Finalmente, algunas rutas son analizadas con más detalle dentro de las áreas problemáticas 
seleccionadas con el método anterior. 

La metodología y análisis desarrollados en este proyecto ayudará tanto a las compañías de 
telefonía móvil como a los desarrolladores de chips de comunicaciones. Los primeros podrán 
optimizar sus redes en zonas con problemas de handover, y los segundos podrán saber en 
que áreas pueden testear sus prototipos bajo condiciones extremas de handover. 
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1.1 Motivation 

While a user is moving within a LTE (Long Term Evolution) network it usually has to 
perform several handovers. Handover is the procedure that allows a user maintaining 
seamless connection while moving from one base station to another. Specifically on LTE, 
the handover is a hard handover; first the UE (User Equipment) is connected to the source 
base station, then being unattached and finally being connected to the target base station. 
This change is done when the received power from the target base station is considered to 
be better than the received power from the source base station during at least some 
prefixed period of time. 

In this procedure we cannot benefit from the duality of the soft handover that occurs on 
3G. Indeed, with soft handover the UE does not lose the connection and it receives more 
than one signal with the same information from different base stations. (More information 
about the 3G handover can be found in Appendix A.) In the LTE handover there is an 
interruption of the connection while changing the link from the source base station to the 
target one. This procedure is, of course, not fail safe and may cause a call drop. During the 
hard handover a failure can happen and the UE will need to change to the RRC_IDDLE 
mode and later start a paging process to finally be connected to the target base station. All 
this process can take more than the handover interruption time affecting directly the user 
satisfaction. Both procedures can be seen in Figure 1: 

 

Figure 1 – Handover interruption time and handover failure 

One of the possible reasons for call drops during handover can be due to the low signal 
strength or low Signal to Interference-plus-Noise Ratio (SINR); radio related problems.  

Operators can change some of the handover parameters when the UE (User Equipment) 
changes the cell through a reconfiguration message send in the broadcast channel. This 
change can be used to adapt the parameters to the new conditions avoiding call drops. The 
network changeable parameters relevant for this project are: the Time-to-Trigger and the 
hysteresis margin. 

  



 
 2 Problem statement 
 

In the present work we will study the effect of the following concepts on the handover 
related call drop: 

• Network design parameters with direct impact on radio conditions: Antenna 
radiation pattern, antenna tilt, physical location of the base stations compared to 
the neighbour buildings and the handover parameters. 

• User behaviour related parameters: Trajectory of the route, speed and traffic load. 

• UE receiver SINR sensitivity. 

Other UE parameters regarding the handover procedure can be taken into account but we 
will only focus on the receiver SINR sensitivity. The most critical moment for hard 
handover occurs when the UE is still connected to the source eNodeB while waiting for the 
handover command. Its SINR will decrease and if it goes below the receiver SINR 
sensitivity it will lead to a call drop. 

If we understand how the network design parameters affect handover it will help the 
operators optimizing the network deployments. For chip vendors will also be important to 
understand these parameters. They will be able to perform drive test with their receivers 
in this typical call drop due to handover areas and develop algorithms to improve the 
ability of their UE to handle challenging handover situations. 

Until now some studies on how to improve the handover performance have been done [16], 
[20], [21], we will focus on detecting in which zones a call drop can happen. 

1.2 Problem statement 

With this project we want to be able to identify the relation between call drop situations 
due to the handover procedure and the UE behaviour under different network planning 
elements. We will also be able to identify handover challenging situations.  

One of the possible reasons for call drops can be due to the low signal strength or the low 
signal to interference-plus-noise ratio during the handover procedure. We want to identify 
which radio conditions may trigger them. 

With a deep study, we may be able to predict which planning elements influence the 
handover procedure and then find areas where a call drop during handover can happen in 
a realistic 3D environment using a map of Aalborg city, in Denmark. 
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1.3 Methodology 

All the results from the different scenarios are based on simulations. A deterministic 
prediction tool, Ray Tracing, has been used as it has proved to be an accurate field 
prediction tool [19]. 

The methodology followed to analyse the influence of physical planning elements on 
handover will be: 

• First, some simple critical scenarios will be defined and some physical parameters 
will be modified. Their effect on the possible call drops during the handover will be 
analysed. The parameters considered will be: the antenna pattern, the distance 
between the UE and the antenna, the antenna tilt, the presence of buildings, the 
speed, the trajectory of the route and the handover parameters. 

• After simulating these simple scenarios we will test handover in a real life 
environment as the map of Aalborg. For that a Ray Tracing tool will be necessary. 
With this tool we will be able to simulate the previous mentioned parameters as they 
are closer to reality and then see how these scenarios behave during the handover 
procedure. 

1.4 Contents 

The project is divided in five main chapters: 

• In chapter 2 the background theory about LTE handover and cell reselection 
procedure is explained. 

• In chapter 3 a study of the empirical observations of various physical network 
elements in Aalborg is done, in order to introduce more reality in our simulated 
scenarios. The elements analysed are: the antenna height, the antenna tilt and the 
building height. 

• In chapter 4 simulations of simple scenarios for call drops in LTE are analysed 
modifying different physical parameters. The parameters are chosen based on the 
study in chapter 3.   

• Finally, in chapter 5 simulations of critical scenarios for call drops in LTE in a 
virtual 3D city model of Aalborg are explained. 

 





 

2222 Handover and CHandover and CHandover and CHandover and Cell reselection in LTEell reselection in LTEell reselection in LTEell reselection in LTE    

2.1 Overview of LTE 

Section 2.1 gives a basic introduction to the LTE air interface. Section 2.1.1 gives details 
on the LTE system architecture and section 2.1.2 the LTE lower layer protocols will be 
explained. 

2.1.1 LTE basic system architecture 

The LTE system architecture is divided in three high level domains [1], as it can be seen in 
Figure 2: 

• The UE; the device that the end user will use inside the network. 

• The E-UTRAN (Evolved UMTS Terrestrial Radio Access Network). This radio 
network is composed of several eNodeBs. 

• The EPC (Evolved Packet Core). Its main elements are: MME (Mobility 
Management Entity), HSS (Home Subscription Server) and the GW (Gateway). 

 

Figure 2 - LTE basic system architecture 
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2.1.1.1 UE 

The device that the end user will use to exchange data with the network is the User 
Equipment (UE).  

The UE can be decomposed into two parts; the Universal Subscriber Identity Module 
(USIM) which is a removable card that identifies universally the user and also 
authenticates him, and the Terminal Equipment (TE) which is the part of the device that 
allows to communicate within the network. 

The UE is the mobile receiver. It performs different measurements, for example it measures 
the received power of the neighbour cells and sends reports to the source eNodeB. Different 
types of reports can be sent; periodic reports or event based reports. The network will 
choose at the beginning of the communication which type of measurement report will be 
used. 

If the UE is in RRC_IDLE mode, which will be explained in section 2.2.1, it will be the 
responsible of making cell reselection decisions in case the power of the current cell it is not 
good enough and there is a neighbour cell with higher power. 

2.1.1.2 eNodeB 

The radio network of the LTE system, E-UTRAN, is composed of several eNodeBs. The 
eNodeB acts as the radio base station.  

The function of the eNodeB is managing the radio resource performing dynamic allocation 
of the uplink and the downlink based on the radio resources requested and the QoS 
(Quality of Service) assigned to each user.  

When the UE is in RRC_CONNECTED mode, which will be explained in section 2.2.2, 
the eNodeB has the role of taking the handover decision as well as following and 
controlling all the process. This decision will be based on the measurement reports sent by 
the UE. 

In the LTE network every UE is only connected to one eNodeB, but one eNodeB can have 
several UEs connected to it. 

In the network, the eNodeBs are interconnected through the X2 interface and it can be 
used when performing handovers. The eNodeBs are connected to the EPC through the S1 
interface [1]. 

2.1.1.3 MME 

The Mobility Management Entity (MME) is the main control element in the EPC. Usually 
the MME is situated in a server in the operator’s premises. 

This entity is responsible of controlling the security signals and the authentication of the 
devices inside the LTE network. To perform such control it needs to have access to the 
HSS where it will look if the UE has the appropriate rights to enter and use the cell’s 
resources. 
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The MME also manages the Tracking Area list, this list has the zone where each UE is 
moving around and it will be explained further in section 2.2.1. With this list, the MME is 
able to reach the UE even if it is in RRC_IDLE state. 

2.1.1.4 HSS  

The Home Subscription Server (HSS) belongs to the EPC. It is the database of the 
network and can be found in the home operator’s premises. 

In it is stored information as the permanent user data, the UE characteristics, the cell 
identity where the UE is camping, which QoS has the UE contracted, etc. 

2.1.1.5 GW 

The Gateway (GW) is one of the elements of the EPC; it is formed by the Serving 
Gateway (S-GW) and the Packet Data Network Gateway (P-GW). The GW is maintained 
in operator’s premises in a centralized location. 

The S-GW functions are acting; as the local mobility anchor for inter frequency handovers 
(between different bandwidths) and forwarding and routing the packets from Internet. 
When the UE is in RRC_CONNECTED mode the S-GW sends the downlink packets 
from the P-GW to the corresponding eNodeB whereas in RRC_IDLE mode it buffers the 
downlink packets and orders the MME to start paging the UE until it changes to 
RRC_CONNECTED mode. 

The P-GW acts as the router between external data networks and the EPC. It allocates 
the corresponding IP address of each UE. 

2.1.2 LTE protocol architecture 

The lower layers of the LTE protocol architecture are the ones that have relevance in this 
project and they will be explained in this present section. The layers structure can be seen 
in Figure 3 [1]: 
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Figure 3 – LTE protocol architecture 

2.1.2.1 Physical layer 

An overview of the Physical Layer on towards the measurements that the UE will perform 
for the handover algorithm is explained in this section. Other functions of the Physical 
Layer are omitted as they are out of the scope of this project. 

In the LTE network, for FDD (Frequency Division Duplexing), the radio resources are 
distributed in frames of duration 10 ms in time and 12 subcarriers in frequency. The size of 
a FDD frame in frequency will vary in function of the spacing between subcarriers, if the 
spacing is 15 kHz one FDD frame will occupy 180 kHz [2]. 

Each frame is divided in 10 subframes of duration 1 ms and 12 subcarriers, this element is 
called Resource Block (RB). Each subframe contains 2 slots of 0.5 ms each that will 
contain 7 Orthogonal Frequency Division Multiplexing (OFDM) symbols.  

The smallest radio resource division is called Resource Element (RE) and it consists of one 
subcarrier in frequency and 1 OFDM symbol in time. The complete structure can be seen 
in Figure 4: 

Physical Channels 
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Figure 4 – Transmission resource structure 

Inside one RB several reference signals are placed to allow the receiver to perform channel 
measurements. They are distributed according to some patterns depending on how many 
antennas the transmitter has.  

For the handover procedure some measurements are done over the received RBs, the 
important measurement for this report is: 

• RSRP (Reference Signal Received Power): 

The RSRP is as said in [6] ‘the linear average over the power contributions (in [W]) of 
the resource elements that carry cell specific reference signals within the considered 
measurement frequency bandwidth. If the UE can reliably detect that the reference 
signals of a second antenna is available it may use the reference signals of antennas one 
and two.’ 

Considering a measurement frequency bandwidth that occupies two RB (if the spacing 
between carriers is 15 kHz it will be 360 kHz) the distribution of the reference signals 
are as shown in Figure 5:   
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Figure 5 - RSRP measurement calculation 

The RSRP calculation will be as defined in (1): 

 ���� � 	��� � ��	 �⋯� ����16  (1) 

Where PRi corresponds to the power of the reference signal number i. 
2.1.2.2 MAC 

The Medium Access Control (MAC) is the lower layer in the layer 2 of the LTE protocol. 
It is connected with the Physical layer through the transport channels and with the RLC 
layer through the logical channels. 
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This layer has different functions [1]: 

• Handle the radio resources available in a cell. The MAC layer schedules and assigns 
them according to the priority assigned to each UE. 

• Control the uplink time advance to avoid overlapping of data packets. 

• The MAC layer receives data from RLC as MAC Service Data Units (SDU), groups 
several of them adding the corresponding headers and creates the MAC Packet Data 
Units (PDU). 

• HARQ error correction. 

2.1.2.3 RLC 

The Radio Link Control (RLC) is the middle layer in the layer 2 of the LTE protocol. It 
has three modes of operation [1]: 

• Transparent Mode: In this mode the RLC only receives and delivers the PDUs. It 
maps one RLC SDU into a RLC PDU and vice versa without adding a header or 
changing the content. This mode is not used for user plane data transmission and it 
is very restricted. 

• Unacknowledged Mode: The RLC takes some received SDUs, concatenates them, 
adds a header and then creates a RLC PDU. Other times it has to segment one SDU 
to create several PDUs. If a reorder of the PDUs is needed then it is also performed. 
This type of mode is used for real-time applications that are error-tolerant but delay-
sensitive. 

• Acknowledged Mode: It does the same actions as the Unacknowledged Mode but it 
also retransmits a PDU if necessary. This type of mode is used for non-real-time 
applications that are delay-tolerant but error-sensitive. 

The RLC layer reorders the RLC PDUs if they have been received out-of-order because the 
MAC layer will need them in sequence to perform HARQ operations. The MAC layer also 
needs one specific size of PDUs so the RLC layer resizes the PDCP PDUs to fit them in it.  

2.1.2.4 PDCP 

The Packet Data Convergence Protocol (PDCP) is the highest layer inside the layer 2 of 
the LTE protocol. Its main functions are [2]: 

• Make a header compression and decompression with the received IP packets. It may 
use the Robust Header Compression (ROHC) protocol but it is only mandatory for 
VoIP services. 

• Security functions; integrity protection and verification as well as chipper and 
decipher the packets. 
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• During a handover it has support functions, those depend on the handover specified: 

� Seamless handover: This type has been developed to minimize the complexity 
and the delay of the handover. It is suitable for services tolerant to losses but not 
as tolerant to delays (voice services). It is applied for data in RLC 
Unacknowledged Mode. 

� Lossless handover: During a handover it is almost impossible to ensure that no 
packets will be lost and that they will be received in order. In this mode one 
sequence number is added to the PDCP Data PDU to detect if one gets lost and 
then perform a retransmission. Lossless handover mode is designed for delay 
tolerant but without loses services (file downloading). It is applied for data in 
RLC Acknowledged Mode. 

2.1.2.5 RRC 

The Radio Resource Control (RRC) belongs to the layer 3. It is the most relevant layer 
protocol related to mobility aspects. It controls many functions; the main ones are [2]: 

• It handles the system information. It can be divided in two types: 

� Master Information Block (MIB): It includes the most used and transmitted 
information of the cell. It is transmitted in the transport Broadcast Channel 
(BCH) every 40 milliseconds. 

� System Information Block (SIB): There are several SIBs, a distinction is needed 
[3]: 

- SIB 1: It configures the period of the rest of SIBs. It contains information 
relevant when evaluating if a UE can access to the cell. It is sent in the 
transport downlink Shared Channel (DL_SCH) every 80 milliseconds. 

- Other SIBs: Each type contains information related with different aspects of 
the network. They are transmitted through the transport downlink Shared 
Channel (DL-SCH). 

• RRC connection control: It controls all the processes related to the connection, the 
establishment, the modification or the release of the LTE resources. It also manages 
the security key of each connection.  

• The UE can be in two different modes and the RRC layer is responsible of their 
control. They are: 

� RRC_CONNECTED mode: In this mode the UE is connected to the network 
and data is transferred. If a handover is performed the RRC layer is the 
responsible of sending the handover signals. 

� RRC_IDLE mode: In this mode the UE is camping in the cell but is not sending 
or receiving any data. It only listens the paging channel. If there is an incoming 
data transfer it will change to RRC_CONNECTED mode.  
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• When an inter-RAT (Radio Access Technology) mobility is being performed the 
RRC layer will control the changes needed. 

• The RRC layer is the responsible of configuring which type of measurements are 
going to be done; they can be event based or periodical. Moreover, it configures if 
there are going to be measurement gaps and its size. 

These layers are connected through channels, for the handover and cell reselection 
procedure the downlink ones are the most relevant. The measurements that the UE will 
perform will be over the reference signals while all the handover signals will be transfer 
through the SHC (Shared Channel) transport channel which is mapped into the 
PDSCH/PUSCH (Physical Downlink Shared Channel/Physical Uplink Shared Channel). 
Further information about the downlink channels can be found in Appendix B. 

2.2 Mobility in LTE 

The UE is moving in the LTE network changing the serving cell several times. This change 
is done in two different ways; it depends if the UE is in RRC_IDLE or in 
RRC_CONNECTED mode. In the first case it will perform a cell reselection and in the 
second, a handover. 

2.2.1 RRC_IDLE Mode: Cell reselection 

The radio network of the LTE system, E-UTRAN, is divided in different Tracking Areas 
containing each of them several eNodeBs. If one UE, that is in RRC_IDLE mode, changes 
the serving cell it does not need to send any signal to the MME except if it changes the 
Tracking Area. This allows minimal signalling. If incoming data needs to be sent to a UE 
in RRC_IDLE mode the MME, which has a Tracking Area list with all the areas where 
the UEs are, will page the whole Tracking Area where the UE is until it changes to 
RRC_CONNECTED mode. 

When the UE is in RRC_IDLE mode it camps in the cells without sharing data with the 
network. It only listens the paging channel in order to know if any network parameter 
needs to be changed. As it is not connected to the network, it is the responsible of doing 
all the measurements and taking the decisions to change the cell. To take this decision it 
applies the R-criterion [1] shown in equation (2): 

 
�� � �����,� � ����� 

�� � �����,� � ������� (2) 

Where Qmeas,s is the RSRP measurement quantity of the serving cell, Qmeas,n is the RSRP 
measurement quantity of the neighbour cell, Qhyst is the power domain hysteresis and Qoffset 
is the offset value to control different frequency specific characteristics as propagation 
properties of different carrier frequencies. 

To change the cell, Rn has to be greater than Rs for at least Treselection E-UTRAN. If this is the 
case a cell reselection will be performed from the current cell to the target one.  
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 Qhyst, Qoffset and Treselection E-UTRAN are defined by the network and sent to the UE through the 
System Information Blocks in the downlink Shared Channel of each cell 

If in the reselection process the UE changes the Tracking Area it will need to send a signal 
to the eNodeB updating the Tracking Area and the eNodeB will forward it to the MME. 

If the power of the current cell is high enough a search for other target cells is not needed. 
Two thresholds are defined: Sintrasearch and Snonintrasearch. If the power of the current cell is 
under the first threshold it will start searching for intrafrequency cell’s power and if it is 
under the second one it will start searching for interfrequency cell’s power. 

Figure 6 and its explanation will help to understand better the whole process: 

 

Figure 6 – LTE cell reselection procedure 

The current cell is Cell 1, the UE waits until the power is under the threshold Sintrasearch to 
start looking for other cell’s power. 

At some point the power of Cell 2 is above the power of Cell 1 plus Qhyst, this has to be 
maintained for at least Treselection E-UTRAN to perform a cell reselection. As this does not 
happen the UE continues camping on Cell 1.  

At the end the power of Cell 3 is above the power of Cell 1 plus Qhyst for Treselection E-UTRAN. 
At that moment a cell reselection is performed from Cell 1 to Cell 3. 
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It is really important to have appropriate values for the parameters Qhyst and Treselection E-

UTRAN. If they are not properly defined the ping-pong handover effect can happen. This 
effect can be observed in Figure 7: 

 

Figure 7 – LTE ping-pong handover effect 

In Figure 7 we are doing cell reselections that may not be needed, the power of Cell 2 is 
not much better in average than the power of Cell 1. 

The ping-pong effect happens when we move back and forth between some neighbouring 
cells. This is a bad issue as it generates unnecessary paging in the network. When the UE 
is in RRC_CONNECTED mode this effect can also happen and in some cases the 
handover can fail leading to a dropped call. 

2.2.2 RRC_CONNECTED Mode: Handover 

When the UE is in RRC_CONNECTED mode it is connected to the network and 
exchanges data with it. 

The UE is responsible of making measurements and sending reports to the eNodeB. There 
are two types of measurement reports that can be configured when the communication 
starts: 

• Event based measurement reports: The UE only sends reports to the eNodeB when 
some type of event previously defined by the network happens. 

• Periodically: At the beginning of the communication a period is set; every time it 
ends the UE sends a report with all the measurements. 
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When the eNodeB receives a report, it is the responsible of taking the decision of 
performing a handover.  

The handover process is done through the X2 interface; the signalling process is shown in 
Figure 8:  

 

Figure 8 – LTE handover signalling process 

As shown in Figure 8 the handover can be divided in three parts [1], [2]: 

• Handover initiation: 

1. The UE sends the Measurement Report to the source eNodeB. 

2. If with the report sent by the UE the handover algorithm conditions are 
accomplished, the source eNodeB decides to perform a handover. 

3. The source eNodeB sends a HANDOVER REQUEST message to the target 
eNodeB. 
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4. If the target eNodeB has resources available and the UE is allowed to enter the cell 
the target eNodeB accepts the handover request. 

5. The target eNodeB sends a HANDOVER REQUEST ACKNOWLEDGE to the 
source eNodeB.  

• Handover execution: 

6. The source eNodeB sends the handover command to the UE. The UE stops sending 
uplink packets to the source eNodeB. 

7. As the connection between the UE and the source eNodeB is cut, the source 
eNodeB starts to forward all the downlink packets to the target eNodeB. 

8. The source eNodeB sends the status information to the target eNodeB indicating 
the packets that have already been acknowledged by the UE. 

9. The target eNodeB buffers all the downlink packets that are for the UE until it is 
attached. 

10. The UE starts the synchronization process with the target eNodeB. 

11. The target eNodeB sends all the parameters needed for the new connection to the 
UE like the time advance and the uplink resource allocation. 

12. The UE sends a HANDOVER CONFIRM message to the target eNodeB. Now they 
are connected and the UE starts sending uplink packets to the target eNodeB. 

• Handover completion: 

13. The target eNodeB sends a HANDOVER CONFIRM ACKNOWLEDGE to the UE. 

14. The downlink path needs to be changed so the target eNodeB sends a PATH 
SWITCH REQUEST to the MME. 

15. The MME sends a USER PLANE UPDATE REQUEST message to the GW. 

16. The GW switches the downlink data path to the target eNodeB. 

17. The GW sends a USER PLANE UPDATE RESPONSE to the MME. 

18. The MME confirms the path switch sending a PATH SWITCH REQUEST 
ACKNOWLEDGE. 

19. The target eNodeB sends a RELEASE RESOURCES message to the source eNodeB 
informing that all the handover procedure has been performed without problems. 

20.  The source eNodeB has been keeping the previous resources in case the handover 
had failed, it releases them. 
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The packet flow of the network changes during the handover procedure. The mainly 
changes have been boxed in purple in Figure 8 and are detailed in Figure 9, Figure 10, 
Figure 11 and Figure 12: 

 

Figure 9 – Packet flow handover initiation. Referring to box number 1 in Figure 8 

The packets in the uplink and in the downlink are exchanged through the source eNodeB 
until the handover decision is done.  

 

Figure 10 - Packet flow in handover execution. Referring to box number 2 in Figure 8 

When the handover command is sent to the UE, the UE performs a hard handover being 
unattached to the network during a period of time. During this period all the downlink 
packets that came from the MME to the UE are forwarded from the source eNodeB to the 
target eNodeB. 
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Figure 11 - Packet flow handover execution. Referring to box number 3 in Figure 8 

The UE is again connected to the network but now to the target eNodeB. However, as the 
downlink path has not been changed the packets are still sent to the UE through the 
source eNodeB. It needs to forward them to the target eNodeB who will send them to the 
UE. 

 

Figure 12 - Packet flow handover completion. Referring to box number 4 in Figure 8 

The downlink path has been changed and the resources from the source eNodeB have been 
released. 

2.2.2.1 Measurement filtering and reporting in the LTE handover 

The UE is the responsible of making measurements and then sending measurement reports 
to the eNodeB which will perform the handover decision. Event A3 is the event that will 
lead to a handover. The block diagram followed by the UE to send the A3 event is shown 
in Figure 13 as found in [4] and [5]: 

 

Figure 13 - Measurement filtering and reporting in LTE handover 
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In A) of Figure 13 the UE measures the RSRP value. Then this value is averaged 
incoherently with a non standardized Layer 1 filter. With this filter the fast fading effects 
will be removed. After that, it is sampled in B) of Figure 13 as defined by the network [4]. 

After this process a Layer 3 filter is applied [3]. With this filter the system is able to 
prevent sending A3 events due to short term changes in the radio conditions but it will 
make the system less responsive, so the Layer 3 parameters need to be well modelled. 

The Layer 3 filter is standardized and follows equation (3): 

 Г� �	31 4 5127
89:Г�;< � 5127

89 =� (3) 

Where Гn is the updated filtered measurement result, Гn-1 is the previous updated filtered 
measurement result, qn	is the latest received measurement result at point B) and k is the 
filter coefficient which is provided by the network. 

After filtering, the UE will perform the LTE handover evaluation criteria. If this criteria is 
fulfilled it will consider that a handover is needed so it will send an A3 measurement 
report to the eNodeB. After, the eNodeB will take the handover decision over the network. 
The handover criteria is shown in Figure 14: 

 

Figure 14 - LTE handover evaluation criteria 

As seen in Figure 14, the UE will search for cells with higher received power than the one 
it is connected to. When it finds a target cell with more received power than the received 
power from the source eNodeB plus a hysteresis value, HOM (Handover Margin), it will 
start a TTT (Time-to-Trigger) timer. If this condition is fulfilled during all the TTT it will 
consider that a handover is needed. The UE will send an A3 event measurement report to 
the source eNodeB which will take the handover decision. 
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2.2.2.2 Timers involved in the LTE handover procedure 

When the A3 measurement report is sent from the UE to the source eNodeB the timer 
T310 starts [3], this timer will stop when the handover command from the source eNodeB 
is received. In case this timer expires the UE will go to RRC_IDDLE mode or try to 
reconnect again in case the connection is already lost. The default value for this timer is 
1000 ms but it can vary from 0 to 2000 ms. This value is send by the network as an 
Information Element.  

Another timer starts when the UE receives the handover command, the timer T304, which 
will end when the handover is acknowledged by the UE (it controls the interruption time 
during the hard handover). If this timer expires the UE will start a reconnection 
procedure. Its value can vary from 50 to 2000 ms and this value is send by the network 
inside the Mobility Control Information Elements. 

When these timers are activated can be seen in Figure 15: 

 

Figure 15 - LTE handover timers 
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During timer T310 the UE is still connected to the source eNodeB waiting to perform a 
handover to the target eNodeB while its SINR is generally decreasing. With the SINR 
decreasing we have more chances to have a call drop, that’s why the timer T310 becomes 
important for our study. There are some restrictions regarding the choice of this timer, the 
choice must be a compromise: 

• It cannot be too short as it would not let the source eNodeB confirm the handover 
and the UE would go to RRC_IDDLE mode losing the packet transfer already in 
process. 

• It cannot be too long as if the UE loses the connection it would still have to wait 
until the timer ends. This can affect the user satisfaction as we will have a big 
interruption time until trying the reconnection. 

Two different situations can happen during the LTE handover procedure: 

1. The UE sends the event A3 measurement report after detecting that a handover is 
needed. The handover command from the eNodeB arrives before the SINR is too 
bad to receive anything. This is the desirable situation in the handover procedure; it 
is shown in Figure 16a. 

2. The UE sends the event A3 measurement report after detecting that a handover is 
needed. The eNodeB sends a handover command to the UE but it lasts too much 
and the SINR of the UE has already become too bad. As the SINR of the UE is low, 
it may be that the UE is not able to receive correctly the handover command from 
the eNodeB or that it has already lost the connection with the network. In that 
case, we will have to wait until the timer T310 expires and then start the 
reconnection process. This situation is shown in Figure 16b.  

 

Figure 16 - a) Handover command without losing the connection and b) Handover command 
when the connection is already lost 
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From the two previous situations we can define the handover critical time shown in Figure 
17. This time can be described as in equation (4): 

 @A	BCDEDBFG	EDHI	 � 	JDHI	�KL�	EMM	GMN	 4 		�MNICO�PQR�	R�SSGMN	 (4) 

Taking the LTE SINR as explained in Appendix C. 

The handover time should happen in less time than the handover critical time. The 
handover time is assumed to be the sum of the uplink and downlink transmission over the 
air interface, the TTT and the delay over the X2 interface. Delays due to processing time 
in the eNodeB and in the UE are considered negligible. This leads to the condition shown 
in equation (5): 

 

@A	EDHI	 T 	@A	BCDEDBFG	EDHI 
@A	EDHI � JJJ � U2	VIGFW � 2 X YDC	DZEIC[FBI	VIGFW	 

@A	BCDEDBFG	EDHI � 	JDHI	�KL�	EMM	GMN 4 JDHI �MNICO�PQR�	R�SSGMN	 
(5) 

If we assume that the delay over the air interface is really small an approximation can be 
done as shown in equation (6): 

 JJJ � U2	VIGFW T 	JDHI	�KL�	EMM	GMN 4 JDHI �MNICO�PQR�	R�SSGMN	 (6) 

 

Figure 17 – LTE handover critical time 
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The previous analysis of the handover critical time only applies if the SINR is always 
decreasing. In case it has a different behaviour, from the UE point of view, the relevant 
signalling is the handover command. In order to proceed with the handover and avoid call 
drops it is needed to receive this signal when the SINR is above the receiver SINR 
sensitivity of the UE (value of the SINR too low).  
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To be able to perform a study of simple scenarios first a study of the distribution of the 
antennas and the buildings is needed. With that study we will be able to base our simple 
cases on the reality. Later, for the real scenarios, it will help us to find which the relevant 
situations for the handover procedure are. For that reason, operator data parameters and 
the urban data of the city of Aalborg, Denmark, will be analysed. 

3.1 Operator data 

125 antennas of 3G in Aalborg have been studied. We assume here 3G site positions for an 
LTE network. 

First of all the distribution of the antenna height in Aalborg is shown in Figure 18: 

 

Figure 18 – Histogram height of antennas in Aalborg 

From Figure 18 three different groups of antenna height can be highlighted: 

• Low antennas: Their height goes from 5 to 15 meters. There are 9 antennas in 
Aalborg belonging to this group. 

• Medium antennas: Their height goes from 15 (not included) to 20 meters. There are 
51 antennas in Aalborg belon½ging to this group. 

• High antennas: Their height goes from 20 (not included) to 35 meters. There are 65 
antennas in Aalborg belonging to this group. 

The average height of all this antennas is around 20 meters. 
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Second, the distribution of the total tilt (electrical plus mechanical) of the antennas in 
Aalborg has been calculated and it is shown in Figure 19:  

 

Figure 19 – Histogram total tilt of antennas in Aalborg 

From Figure 19 three groups of antenna tilt can be taken: 

• Low antenna tilt: Antennas with tilt from 0° to 2°. There are 10 antennas belonging 
to this group in Aalborg. 

• Medium antenna tilt: Antennas with tilt from 2° (not included) to 6°. There are 90 
antennas in Aalborg belonging to this group. 

• High antenna tilt: Antennas with tilt from 6° (not included) to 10°. There are 25 
antennas in Aalborg belonging to this group. 

The two most common values used are 4° and 6°. An average of the antenna tilt is 5º. 
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To know which is the relation between the antenna height and the antenna tilt a 
dispersion diagram has been done. It is shown in Figure 20: 

 

Figure 20 – Dispersion diagram of total tilt and antenna height of Aalborg 

From Figure 20 no apparent relation between the antenna height and the antenna tilt can 
be seen in the 3G Aalborg antennas. 

Finally, a study of which is the distribution of the beamwidth in the horizontal plane of 
the antenna patterns in the 3G sites in Aalborg has been calculated. It is shown in Figure 
21: 

 

Figure 21 - Histogram beamwidth horizontal plane of antenna pattern in Aalborg sites 

As shown in Figure 21 almost all the sites have a beamwidth of around 60º in the 
horizontal plane of the antenna pattern. 
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3.2 Urban data 

The other important factor in the handover study is the building height in the area where 
the handover is being triggered. For that reason a cluster of heights of the available map of 
Aalborg has been done as shown in Figure 22: 

 

Figure 22 – Building height Aalborg 

As shown in Figure 22 there are areas with different heights in Aalborg. In the centre of 
Aalborg buildings tend to be high while in the southeast and in the southwest the 
buildings tend to be low. 
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This distribution of the building height in Aalborg will allow us to play with different real 
scenarios. 

3.3 Summary 

As studied in the previous sections of Chapter 3, in Aalborg, the most common values for 
the antenna tilt are 4° and 6°. Generally, the antenna pattern used has a beamwidth of 60° 
in the horizontal plane.  

With the distribution of Aalborg map three type of scenarios can be found in it: 

• Antenna higher than the building rooftop level. 

• Antenna with almost the same height as the building rooftop level. 

• Antenna below the building rooftop level. 
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We start the study analysing simple scenarios to see the impact of different parameters 
involved in the handover procedure. The chosen scenarios represent real life situations 
simplified. The different parameters fixed in each one, like the antenna height or the 
antenna tilt, are based on the empirical results obtained from Aalborg available data as 
explained in section 3. These scenarios grow on complexity to achieve more realism so 
when analysing a real city map we will be closer to such situations. 

4.1 Software setup 

In this project on both results sections, section 4 and section 5, two different softwares 
have been used: 

• AWE Winprop: With this professional Ray Tracing tool, explained in Appendix D, 
we have been able to reproduce real life scenarios. As in this project we will focus on 
the handover in LTE the important output parameter is the received power. 

• Matlab 2010: With the power information obtained from AWE Winprop we can 
post-process results with Matlab. Two different modules have been implemented for 
this project: 

� One with the LTE processing: First, with the ‘A3 block’, the A3 event 
measurement report in the UE is generated when the conditions are fulfilled. 
Later the ‘HO algorithm’ block will be the responsible of generating the expected 
delays of the signals in the network and the different comparison graphs used in 
later results. 

� One with the SINR calculation: The ‘SINR calculation’ block calculates and plots 
the SINR along the entire route and shows call drops. 

Figure 23 shows a diagram representing the interactions between the various blocks: 

 

Figure 23 - Scheme of algorithms used in the project 
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4.2 Assumptions, parameters and conventions 

For all the simple scenarios some assumptions, parameters and conventions are taken. All 
the simulations are made with the following assumptions: 

• When talking about received power it will be understood that it corresponds to the 
RSRP (Reference Signal Received Power). 

• The handover command will arrive to the UE through the PDSCH channel and this 
channel is influenced by the load of the cells. For the calculation of the SINR all the 
cells will be assumed to be fully loaded. 

Different parameters for the scenarios will be studied: 

• Antenna pattern: We will change between isotropic antennas to sectorized ones to 
see its impact on the handover algorithm. 

• Antenna tilt/height: Different tilt and antenna height will be used in different 
scenarios. 

• Antenna position: The Inter Site Distance (ISD) will vary. When talking about 
collocated antennas the angle between sectors will be 120°. 

• Presence of buildings: In some scenarios buildings will be placed to see their effect. 

• Trajectory of the route: The angle of the route and the distance will be varied. They 
are defined as: 

� Angle between route and a line crossing the two eNodeB: Angle between the 
reference line on Figure 24 and the route. There are two different topologies 
shown in Figure 24: 

 

Figure 24 - Angle between route and eNodeB: a) two sites and b) one site 
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� Distance between route and eNodeB: This is the distance between the position of 
the eNodeB to the route with a straight vertical line. If there are two eNodeBs 
the distance is taken from the middle point of both with a straight vertical line 
until the route. Description is shown on Figure 25: 

 

Figure 25 - Distance between route and eNodeB 

• Hysteresis margin: Using different hysteresis margins will affect when the handover 
decisions are taken. 

• Velocity: A pedestrian speed (3 km/h) and a vehicle speed in a highway (120 km/h) 
may lead to large differences in the handover procedure. That’s why different values 
are taken in the simulations. 

• Transmit power: The transmit power of the antennas is always 46dBm. 

In all the simulations the following conventions are taken: 

• Handover time: The time between when the power of the target cell is HOM higher 
than the power of the source cell until the time when the UE receives the handover 
command. 

• One site is compound by two antennas. Each of these antennas will be called 
eNodeB in all the report for simplicity although usually in the literature one site is 
called eNodeB.  

4.3 Parameter study in simple scenarios 

Six different simple scenarios will be analysed changing different parameters involved in 
the handover procedure. 

4.3.1 Scenario A: Free space environment, two isotropic antennas 

The first scenario, Scenario A, is compound by isotropic antennas in a free space 
environment. Its characteristics are shown in Table 1: 

Antenna pattern Antenna tilt Antenna height Antenna position Building 

Isotropic 0º 1.5m ISD 180m No 

Table 1 – Scenario A. Baseline parameters 
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In this scenario we modify independently the following parameters: 

• Angle between the route and the eNodeB. 

• Distance between the route and the eNodeB. 

• Hysteresis margin of the handover algorithm (HOM). 

• Velocity of the UE. 

When varying one parameter the others will be fixed using the values of Table 2: 

Angle between route 
and eNodeB 

Distance between route 
and eNodeB 

HOM Velocity 

0º 20m 3dB 50km/h 

Table 2 –Scenario A. Baseline parameters 2 

The distribution of Scenario A can be seen in Figure 26: 

 

Figure 26 - Scenario A: Free space environment, isotropic antennas 

This first scenario has been chosen because although the use of isotropic antennas is not 
realistic it is a really simple configuration that can help us understanding how some 
parameters behave and later apply the same reasoning in more complex scenarios. 
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The received power of the two eNodeBs of Scenario A with the parameters of Table 2 is 
shown in Figure 27: 

 

Figure 27 – Scenario A. Received power along the route with low power point (parameters 
from Table 1 and Table 2) 

In Figure 27 is also plotted the hysteresis margin of 3dB. From this point, in the rest of 
the report, we will call ‘the low power point’ the point where the received power of the 
target eNodeB becomes higher than the received power of the source eNodeB plus HOM. 
As previously explained, from this point: 

• The TTT starts. 

• Then the A3 event measurement report will be sent. 

• Finally, after the delay over the X2 interface the handover command will arrive. 

If the handover command is send when the SINR is lower than the UE receiver SINR 
sensitivity then this command will not be received and a call drop will occur.  

For our study only the SINR from the low power point is interesting as it is where the 
handover time and the handover critical time starts. For that reason, in the rest of the 
report, the SINR will only be plot from that point. 
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The first parameter studied will be the angle between the eNodeB and the route. All the 
other parameters will be taken as in Table 2. As this scenario includes exclusively isotropic 
antennas only angles from 0° to 90° degrees are chosen, negative angles would yield 
symmetrical configurations. In Figure 28 is shown the SINR obtained from the low power 
point. The angles between the route and the eNodeB are 0°, 20°, 45° and 60°, they 
represent the whole range: 

 

Figure 28 - Scenario A. SINR from the low power point: Different angles of the route 
(parameters from Table 1 and Table 2) 

We will focus only on the first five seconds as the handover is not likely to last more. In 
case the SINR is always decreasing the results can be interpreted in two different ways: 

• From an operator/network equipment manufacturer’s point of view: For a given 
SINR sensitivity of the UE receiver, the handover time has to last less than the 
period of time from the low power point until the SINR is lower than the UE 
receiver sensitivity. From the background study we know that the handover time 
can be estimated as the sum of the TTT and the delay over the X2 interface. So, for 
a given UE receiver SINR sensitivity we will have a maximum TTT to avoid call 
drops as the delay over the X2 interface depends on the state of the network. For 
example, as shown in Figure 29, if we have a route of 0° and a UE receiver SINR 
sensitivity of -9dB [1] then the maximum handover time will be 1.7 seconds. If the 
delay over the X2 interface is 0.5s there will be a maximum TTT of 1.2 seconds. If 
the TTT is higher than this value the UE will not be able to receive the handover 
command and a call drop will occur. 
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• From a phone manufacturer point of view: For a given TTT and a delay over the X2 
interface, in order to avoid dropped calls, a fixed UE receiver SINR sensitivity will 
be needed to ensure that the SINR with those conditions will be above it. For 
example, as shown in Figure 29, if we have a TTT of 1.2 seconds and a delay over 
the X2 interface of 0.5 seconds the UE will need to have a SINR sensitivity higher 
than -9dB. 

 

Figure 29 – UE receiver SINR sensitivity over the handover time 

In case the SINR is not always decreasing, to avoid a call drop, it is needed to receive the 
handover command from the source eNodeB when the SINR is above the UE receiver 
SINR sensitivity. 

From Figure 28 we can see that when we decrease the angle of the route the handover has 
to be done in less time so, a lower TTT is needed. Also, for a given TTT, if we decrease 
the angle of the route we will need a higher receiver SINR sensitivity to avoid a dropped 
call. For that reason, a low angle between the route and the eNodeB will lead to worst 
handover conditions. 

An angle of 80° between the route and the eNodeB has also been studied but it has not 
been shown as the condition of having the low power point is not accomplished and no 
handover is triggered. To accomplish the condition of received power from the source cell 
low, the received power of the target cell has to be HOM higher than the received power of 
the source cell. For the study of the impact of the angle between the route and the eNodeB 
a HOM of 3dB has been used and the received power of the target cell is never 3dB higher 
than the received power of the source cell. 
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The next parameter studied is the influence of the hysteresis margin in the handover 
algorithm (HOM). For that reason the other parameters are fixed as in Table 2. The 
studied HOM parameters (2dB, 3dB and 5dB) are taken from a valid range of values [16], 
[17], [18]. In Figure 30 the results obtained for this HOM values are shown: 

 

Figure 30 - Scenario A. SINR from the low power point: Different hysteresis margin 
(parameters from Table 1 and Table 2) 

As it can be seen in Figure 30 the SINR has the same tendency in all the cases, it is only 
shifted. The shift between curves is the difference in dB between the HOM values. This is 
because the low power point is simply shifted in time and in that point the difference 
between the received power from the source and the target cell is HOM so each graph of 
Figure 30 starts at -HOM. The scenario and the other parameters remain the same so the 
received power from both eNodeBs is the same in all the cases, the only thing that changes 
is the low power point. 

If the HOM is increased to avoid the ping-pong handover effect the handover will need to 
be faster as more time has been wasted to fulfil the condition that will lead to trigger the 
handover.  

In our simple case a lower HOM is better as there is no ping pong handover effect. 
However, in reality a trade of between avoiding the ping pong handover effect and the 
ability to receive the handover command in time is needed. 

From that we can conclude that the SINR curve for different HOM will be the same but 
shifted in time depending on the hysteresis margin value. We will carry no more studies on 
this parameter. 
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Another parameter under study is the distance between the route and the eNodeB. For 
that the other parameters are taken as in Table 2. Three distances that can be 
representative of a real scenario are taken; 20m, 50m and 100m. The results of the received 
SINR starting from the low power point are shown in Figure 31: 

 

Figure 31 - Scenario A. SINR from the low power point: Different distance between the route 
and the eNodeB (parameters from Table 1 and Table 2) 

From Figure 31  we conclude that: 

• When the distance between the route and the eNodeB decreases the handover has to 
be done in less time than for bigger distances with the same SINR sensitivity in 
order to avoid call drops. For that reason, for a given SINR sensitivity of the UE 
receiver, the maximum TTT has to be lower in close distances than for farther 
distances. 

• For a given TTT the UE has to have a higher SINR sensitivity in its receiver for 
closer routes. 

An explanation of why the slope of the SINR is smaller for routes that are far from the 
eNodeB than for routes that are near the eNodeB is; if the route is far the UE will receive 
low power from both eNodeBs and the difference between them will not be high while if 
the route is closer the UE will receive much more power of the eNodeB which is closer. 
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The last parameter modified in this scenario is the velocity of the UE. A range of velocity 
between 20km/h to 120km/h is taken as these are reasonable values for a car moving in 
different environments. The rest of the parameters are fixed as in Table 2. The results 
obtained can be seen in Figure 32: 

 

Figure 32 – Scenario A. SINR from the low power point: Different velocities (parameters from 
Table 1 and Table 2) 

As it can be seen in Figure 32 all the curves have the same tendency but scaled. We are 
taking the same handover parameters as well as the route trajectory in all the cases so the 
received power from both eNodeBs will be the same for all the velocities. The only 
variation is how fast the UE is moving. The time that the UE lasts to go over the route is 
inversely proportional to the velocity and the distance of the route is maintained so the 
time axis of the SINR will be scaled. For example, if the UE reviver SINR sensitivity is -
10dB and it is moving at 50km/h the handover has to last a maximum of 7 seconds. If the 
UE tarts moving at 100km/h, which is the double of the previous speed, the handover will 
have to last a maximum of 3.5 seconds, which is half of the previous handover time. For 
this reason, the velocity of the UE is a parameter that will not be studied in the following 
scenarios. 
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4.3.2 Scenario B: Free space environment, sectorized antennas 

The second scenario, Scenario B, consists of one site with two sectors in a free space 
environment. Its characteristics are: 

Antenna pattern 
Antenna 

tilt 
Antenna 
height 

Angle 
between 
sectors 

Distance 
between route 
and eNodeB 

HOM Velocity Building 

Sectorized site, 
beamwidth 60º. 
Antenna pattern of 
Figure 33. 

0º 1.5m 120º 20m 3dB 50km/h No 

Table 3 – Scenario B. Baseline parameters 

 

Figure 33 – Antenna pattern beamwidth of 60º in the horizontal plane 

One parameter is modified: 

• Angle between the route and the eNodeB. 
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The distribution of Scenario B is shown in Figure 34: 

 

Figure 34 - Scenario B: Free space environment, sectorized antennas 

In this scenario we add one dimension towards reality: two collocated sectorized antennas. 
The antenna pattern chosen has the same beamwidth in the horizontal plane as the real 
antennas of Aalborg, shown previously in section 3.1. The antennas are not tilted and they 
have the same height as the UE in the simulation, with that we have a 2D perspective of 
what is happening leaving the vertical plane study for next scenarios. As shown in Scenario 
A, changing the HOM will only shift the SINR curves and varying the velocity will scale 
the SINR curves. For that reason a value of 3dB for HOM, which is inside a valid range of 
values [16], [17], [18], has been fixed. For the velocity a typical urban car speed of 50 km/h 
is also fixed. 

In this case we will study the impact of the angle between the route and the eNodeB. In 
Scenario A only positive angles are taken, in this case also negative angles are needed as 
now we have sectorized antennas. The definition of the angle between the route and the 
eNodeB is maintained as explained in section 4.2.  
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For our study angles from -90° to 90° are taken, the rest of the angles behave symmetrical. 
The results of the SINR from the low power point are shown in Figure 35: 

 

Figure 35 - Scenario B. SINR from the low power point: Different angles of the route 
(parameters from Table 3) 

As in Scenario A, angles like 80° are not plotted as there is no low power point for a HOM 
of 3dB. 

In Figure 35 two points (1 and 2) are placed in the SINR for angle of the route of -60º, 
these two points are also placed in Figure 36 where the transmit power of both eNodeBs 
can be seen with the route of -60°: 

 

Figure 36 – Scenario B. a) Transmit power eNodeB 1 and b) transmit power eNodeB 2 with a 
route of -60º (parameters from Table 3) 
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As it can be seen in Figure 36, the point number two is placed where the results will be no 
longer valid in a real scenario as there will be a third sector and the handover procedure 
and the SINR will be influenced by this new eNodeB. For that reason only the results for 
the first two seconds on the SINR will be taken into account to extract conclusions from it: 

• In negative angles the SINR decreases very fast as when the received power of the 
source cell is low it continues decreasing fast while the received power from the 
target cell increases also fast due to the trajectory of the route.  

• In positive angles the SINR does not decrease as fast as in negative angles. In this 
case, when the received power of the source cell is low it continues decreasing but in 
a more moderate way than with negative angles while the received power of the 
target cell increases also in a more moderate way. 

• When the angle between the route and the eNodeB is 0° when the received power of 
the source cell is low it will decrease moderately but the received power of the target 
cell will increase fast. 

• Given a TTT and a delay over the X2 interface the angles that will need a higher 
SINR sensitivity in the UE receiver are the negative angles between the route and 
the eNodeB. 

• Given a SINR sensitivity of the UE receiver the handover will need to be faster in 
negative angles to avoid dropped calls. For that reason, TTT has to be lower. 

• Different negative angles can be taken for the route and all of them will behave the 
same in terms of handover. 

4.3.3 Scenario C: Free space environment, sectorized and tilted 
antennas 

As third scenario, Scenario C, a tilted antenna with two sectors in a free space 
environment is chosen. Its characteristics are: 

Antenna 
pattern 

Antenna 
tilt 

Antenna 
height 

Angle 
between 
sectors 

Angle 
between route 
and eNodeB 

HOM Velocity Building 

Sectorized site, 
beamwidth 60º. 
Antenna pattern 
of Figure 33. 

10º 32m 120º 0º 3dB 50km/h No 

Table 4 – Scenario C. Baseline parameters 

One parameter is modified: 

• Distance between the route and the eNodeB. 
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The distribution of Scenario C is shown in Figure 37: 

 

Figure 37 - Scenario C: Free space environment, sectorized and tilted antennas 

For this scenario more reality is included, the antennas are placed with a certain height 
and tilt. From the previous study in section 3.1, these two antennas belong to the group of 
high antennas with high tilting. For the first approach no buildings are included in this 
scenario. As explained before HOM and velocity are fixed, there is no need to modify them 
as they always behave the same. An angle between the route and the eNodeB of 0° is 
chosen.  

The received power with the selected parameters and a distance between the route and the 
eNodeB of 50m is shown in Figure 38: 

 

Figure 38 - Scenario C. Received power along the route for sectorized and tilted antennas 
(parameters from Table 4 and distance between route and eNodeB of 50m) 
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Figure 38 has a step effect. The following power and SINR graphs will also have them. 
This is due to the limitations of the simulation tool (AWE Winprop) in the antenna 
granularity. A deeper study about this problem can be found in Appendix E. 

If we have a look at Figure 38 it can be seen that the received power looks different than 
in Scenario B and the low power point has changed. The tilt and the height of the antenna 
have a huge impact on the results of the handover performance.  

As in this case the antenna has a certain height and tilt we want to see if the impact of 
the distance between the route and the eNodeB behaves as before. Some distances between 
10 to 150m have been taken. The results for distances between 70 to 150m are shown in 
Figure 39: 

 

Figure 39 - Scenario C. SINR from the low power point: Different distance between the route 
and the eNodeB (parameters from Table 4) 

The distance between the route and the eNodeB where the UE crosses the highest antenna 
gain can be calculated and it is around 70 meters. 

As we can see in Figure 39 the worst case, for this specific scenario, during the LTE 
handover will be when the distance between the route and the eNodeB is 70m. For a given 
UE receiver SINR sensitivity it will have less time to trigger the handover and also for a 
given TTT our UE will need a higher UE SINR receiver sensitivity to avoid call drops. 
This 70m is the distance where the UE will receive more power and as we get far from that 
distance our handover conditions will improve.  
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Distances from 10 to 50m have been also calculated and the SINR results from the low 
power point are shown in Figure 40: 

 

Figure 40 – Scenario C. SINR from the low power point. Erratic behaviour of close distances 
due to problems with the software (parameters from Table 4) 

The results obtained near the sites show an erratic behaviour in this zone. This is due to 
the secondary lobes of the antenna in the direction pointing towards the floor. We consider 
predictions to be imprecise for sharp downward angles as antennas are usually mounted on 
structure that influence greatly the antenna radiation patterns for these angles. For that 
reason, in the 3D city model simulation we will not take into account the areas around the 
sites. 
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As a conclusion of this scenario, as it can be seen in Figure 41, when the antennas have 
certain height and are tilted the worst case scenario for the handover performance is no 
longer when the route is close to the sectorized antennas. In this situation, the worst case 
scenario is when the route is placed at the same distance as where the UE crosses the 
highest antenna gain. To improve these conditions while maintaining the trajectory, the 
route has to be moved farther from that distance. 

 

Figure 41 – a) Scenario B. SINR from the low power point (parameters from Table 3) and b) 
Scenario C. SINR from the low power point (parameters from Table 4). Different distance 

between the route and the eNodeB  

4.3.4 Scenario D: One building, sectorized and tilted antennas 

For the last simple scenario with collocated antennas, Scenario D, two different 
comparisons will be done. The first one is the study of the influence of the position of the 
building. Its characteristics are shown in Table 5: 

Antenna 
pattern 

Antenna 
tilt 

Antenna 
height 

Angle 
between 
sectors 

Angle 
between route 
and eNodeB 

Distance 
between route 
and eNodeB 

H
O
M 

Velocity Building 

Sectorized site, 
beamwidth 60º. 
Antenna pattern 
of Figure 33. 

5º 20m 120º 0 º 50m 
3 

dB 
50km/h 

1 building 
Size:80x30m 
Height:12m 

Table 5 – Scenario D.1. Baseline parameters 

One parameter is modified: 

• Position of the building. 
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The distribution of Scenario D.1 is shown in Figure 42: 

 

Figure 42 - Scenario D.1: 1 building, sectorized and tilted antennas 

This first comparison is done using two antennas that, as previously studied in section 3.1, 
have the average of antenna height and antenna tilt of the Aalborg antennas. One building 
is placed in three different positions to see the impact of it in the handover procedure. 
These positions are referred to the axis shown in Figure 42 and they are: 

• Building placed at 10m on the left of the site (x1=-90m, x2=-10m). 

• Building placed in front of the site (x1=-40m, x2=40m). 

• Building placed at 10m on the right of the site (x1=10m, x2=90m).  

The results obtained are shown in Figure 43: 

 

Figure 43 - Scenario D.1. SINR from the low power point: Different building position 
(parameters from Table 5) 
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The trend for the three cases is the same. The differences on them are explained by the 
fact that depending on the position of the building, the energy comes from different parts 
of the antenna radiation pattern. In this case, as shown in Figure 43, the worst case is 
when the building is placed next to the source eNodeB. In there, the handover has to be 
performed in less time so the TTT has to be shorter and for a fixed handover time it needs 
a higher SINR sensitivity of the UE receiver. 

In Figure 43 it can also be seen that when the building is placed in front of the sectorized 
antenna or next to the target eNodeB the SINR behaves in a similar way. The received 
power of these two configurations is different as the distribution of the scene is different 
but their SINRs are similar. Because of that, the point where the difference between the 
received power of the source eNodeB and the received power of the target eNodeB is HOM 
will be reached at almost the same moment triggering the handover.  

Changing the position of the building changes the received power over the same route but 
when the building is in front of the sectorized antenna and we keep moving it towards the 
target eNodeB it will behave similarity in terms of SINR in that specific scenario. 

The second comparison is done to see the impact of the difference in height between the 
building and the antenna. For that study the parameters in Table 6 are taken: 

Antenna 
pattern 

Antenna 
tilt 

Angle 
between 
sectors 

Angle 
between route 
and eNodeB 

Distance 
between route 
and eNodeB 

HOM Velocity Building 

Sectorized site, 
beamwidth 60º. 
Antenna pattern 
of Figure 33. 

5º 120º 0 º 80m 4dB 50km/h 

1 building. 
Size:80x30m 
Height:20m 
Position:x1=-80         

x2=0 m 
Table 6 - Scenario D.2. Baseline parameters 

One parameter is modified: 

• Height of the antenna. 

The distribution of Scenario D.2 can be seen in Figure 44: 

 

Figure 44 - Scenario D.2: One building, sectorized and tilted antennas. a) 3D view and b) Top 
view  
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Three different antenna heights have been chosen: 30m, 20m and 10m for a fixed building 
height of 20m. These antenna heights represent the three different real life situations, as 
explained in section 3.3; when the antenna is above the building rooftop, when the antenna 
is in the rooftop level and when the building is higher than the antenna. 

The SINR results obtained from the low power point for these three configurations are 
shown in Figure 45: 

 

Figure 45 - Scenario D.2. SINR from the low power point: Different antenna height 
(parameters from Table 6) 

From Figure 45 we conclude that in this concrete scenario with this antenna pattern, if we 
just take the first seconds, the handover performance is the same for the three antenna 
configurations as the low power point will be reached at almost the same time. 
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4.3.5 Scenario E: Free space environment, two sectorized and tilted 
antennas 

A scenario with non collocated antennas is also studied. This case has been chosen as it 
represents a typical network planning. Three different routes have been taken as a 
representation of ways to cross adjacent cells. The characteristics taken are shown in Table 
7: 

Antenna pattern 
Antenna 

tilt 
Antenna 
height 

Distance 
between 
eNodeBs 

Angle 
between 
sectors 

HOM Velocity Building 

Sectorized site, 
beamwidth 60º. 
Antenna pattern 
of Figure 33. 

10º 32m 450m x 100m 120º 3dB 50km/h No 

Table 7 – Scenario E. Baseline parameters 

The first two scenarios, Scenario E.1 and Scenario E.2, are compared. The route of 
Scenario E.1 is a vertical line in the middle of the two eNodeBs, and the route of Scenario 
E.2 has the same trajectory as the line that joins the two eNodeBs. These two 
distributions can be seen in Figure 46: 

 

Figure 46 – Free space environment, two sectorized and tilted antennas. a) Scenario E.1: 
Vertical route in the middle of the two eNodeBs and b) Scenario E.2: Route with the same 

trajectory as the line that joins the two eNodeBs 
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The received power along the route in the two previous scenarios can be seen in Figure 47; 
in it the low power point is shown: 

 

Figure 47 – a) Scenario E.1. Received power along the vertical route and b) Scenario E.2. 
Received power along the route with the same trajectory as the line that joins the two 

eNodeBs (parameters from Table 7)  

The SINR obtained during the whole route in both scenarios is shown in Figure 48; in it 
also the low power point, the point where the handover time will start, is shown: 

 

Figure 48 – a) Scenario E.1. SINR along the vertical route and b) Scenario E.2. SINR along 
the route with the same trajectory as the line that joins the two eNodeBs (parameters from 

Table 7) 
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In both scenarios, Scenario E.1 and Scenario E.2, the received power and the SINR are 
similar so, the handover will behave in a similar way. The UE is under the same conditions 
if the route is in the middle of the two eNodeBs or if the route follows the same trajectory 
as the line that joins the two eNodeBs. This happens if the separation between eNodeBs is 
in the same order as in Scenario E.1. 

A new scenario is taken. In it the angle of the route follows the same direction as the main 
beam of the source eNodeB. As previously defined in section 4.2 the angle between the 
route and the eNodeB will be -30°. The distribution of this new scenario, Scenario E.3, can 
be seen in Figure 49: 

 

Figure 49 - Scenario E.3: Free space environment, two sectorized and tilted antennas. Route 
with the same trajectory as the direction of the primary beam of source eNodeB 

The received power along the route of Scenario E.3 is shown in Figure 50: 

 

Figure 50 - Scenario E.3. Received power along the route with the same trajectory as the 
direction of the primary beam of source eNodeB (parameters from Table 7) 



 
LTE Handover: Simulation results in simple scenarios 55 

 

 

In this case the received power of the source eNodeB is sometimes higher than the received 
power of the target eNodeB and sometimes lower. If the TTT and the HOM are not well 
defined a case of ping-pong handover effect can easily happen in this route.  

4.3.6 Scenario F: One building, two sectorized and tilted antennas 

The second and last scenario studied with non collocated antennas is Scenario F. In this 
scenario a building is placed. Its characteristics are shown in Table 8: 

Antenna 
pattern 

Antenna 
tilt 

Antenna 
height 

Distance 
between 
eNodeBs 

Angle 
between 
sectors 

Trajectory 
of the route 

HOM Velocity Building 

Sectorized site, 
beamwidth 60º. 
Antenna pattern 
of Figure 33. 

10º 32m 
450mx100

m 
120º 

Vertical in the 
middle of the 
two eNodeBs 

3dB 50km/h 
1 building 
Size:80x30m 
Height:20m 

Table 8 - Scenario F. Baseline parameters 

In this study we will compare Scenario E.1 with Scenario F as the difference between them 
is that in the last one a building is placed. The distribution of these two scenarios can be 
seen in Figure 51: 

 

Figure 51 – a) Scenario E.1: Free space environment, two sectorized and tilted antennas and 
b) Scenario F: One building, two sectorized and tilted antennas. Vertical route in the middle 

of the two eNodeBs 
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The SINR of both scenarios from the low power point is shown in Figure 52: 

 

Figure 52 - Scenario E.1 (parameters from Table 7) and Scenario F (parameters from Table 8). 
SINR from the low power point  

As shown in Figure 52 both curves have the same tendency. The SINR of Scenario F is 
6.5dB below the SINR of Scenario E.1 due to the shadowing of the building. This 
shadowing can be seen in Figure 53 where the received power along the route is shown: 

 

Figure 53 - a) Scenario E.1 (parameters from Table 7) and b) Scenario F (parameters from 
Table 8). Received power along the route 
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In a scenario with two sectorized antennas placed as in Scenario E.1 it is worst, in terms of 
avoiding dropped calls due to the handover procedure, to have one building shadowing the 
source eNodeB but not the target eNodeB. In this case, the handover has to be done in less 
time and the TTT has to be smaller. If the handover time is fixed the UE receiver will 
need a higher SINR sensitivity to avoid dropped calls due to the handover procedure. This 
is a typical building shadowing case. 

The building height and antenna tilt play an important role. If the building is higher, then 
call drop likelihood is increased.  

4.4 Summary 

From the previous study of simple handover scenarios some conclusions about the effect of 
different parameters can be extracted: 

• Antenna configuration: How the antennas are configured by the network operators 
strongly influences on the handover behaviour. The important antenna related 
parameters are: 

� Inter Site Distance: Different results can be extracted if the antennas are 
collocated or if they have certain ISD. From our study in simple scenarios it is 
worst regarding the handover performance to have collocated antennas or 
antennas with a short ISD. 

� Antenna pattern: The antenna pattern has a big influence on the handover 
procedure. It will behave differently depending if the antennas are isotropic or 
directional and if they are directional how their antenna pattern is. 

� Antenna height/tilt: The relative height between the antennas, the buildings and 
the UE will change the results obtained. The antenna height and tilt will vary 
the distance where the UE will receive the highest power. Having a route at this 
distance will lead to worse handover conditions. 

• Route: The trajectory of the route has a big impact on the handover performance. 
Two parameters are relevant: 

� Angle between the route and the eNodeB: When using isotropic antennas the 
worst angle between the route and the eNodeB is having a route of 0° 
(completely horizontal respect the position of the eNodeB). When the antennas 
are sectorized this angle is also the worst looking into the positive angles but 
taking a route with a negative angle will always lead to even worst handover 
conditions. 

� Distance between the route and the eNodeB: When the sites have isotropic 
antennas the worst case for the handover procedure is to have a route as close as 
possible to the eNodeB. However, when the antennas have certain directivity the 
worst case for the handover procedure is having a route placed in the distance 
that the UE will receive the highest power. These conditions will improve when 
getting far from this distance it in both directions. 
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• Velocity of the UE: Increasing the speed of the UE will lead to worst handover 
conditions as we will need less time to perform the handover for the same SINR 
receiver sensitivity. 

• Hysteresis margin: Changing the hysteresis margin affects the handover performance. 
This parameter is used to avoid the ping-pong handover effect. In the simple 
scenarios this effect does not exist and that is the reason why it is better to have it 
as small as possible as increasing it means needing a faster handover. This conclusion 
for more complex or real scenarios is no longer valid as this effect may appear and 
then a compromise will be needed. 

• Presence of buildings: The presence of buildings in the scenarios changes all the 
handover results. The important parameter of the building is its height respect to 
the height of the antennas in the zone. In the simple scenarios studied, if the 
building is lower than the antennas it will lead to worst handover conditions than if 
it is higher. More studies on how the buildings affect the handover performance need 
to be done with more complex scenarios. 
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5.1 Ray Tracing 

Ray Tracing (RT) is a prediction tool for radio wave propagation models. It is based on 
geometrical optics and the Uniform Theory of Diffraction. Ray Tracing inputs are 
transmitter and receiver position, antenna radiation patterns and 3D city database. It 
outputs the CIR (Channel Impulse Response) of each receiver position from which the 
receiver power can be calculated.  

There are several commercial RT tools available in the market, for this project AWE 
Winprop is used. This tool performs the RT study in two steps; pre-processing step and 
processing step. With this tool we will be able to reproduce and study how the handover 
procedure behaves in selected areas.  

More information about the RT theory and the RT AWE Winprop tool can be found in 
Appendix D. 

5.2 Assumptions, parameters and conventions 

For the simulations in a 3D city environment some parameters, assumptions and 
conventions are taken. For the simulations the following Ray Tracing parameters are 
taken. The definition of each parameter is explained in Appendix D: 

• Receiver position: pixel size of 5 m. 

• Building face subdivision: horizontal and vertical segment size of 20 m. 

• Building wedge subdivision: horizontal and vertical tile size of 20 m. 

• No limitation in the size of the interaction area. 

• A maximum interaction between two transmitters and one receiver is allowed. 

The following parameters are used in all the simulations: 

• Hysteresis margin (HOM) of 3 dB. 

• Speed of 50 km/h. 

In all the simulations the following assumptions are made: 

• When talking about received power it will be understood that it corresponds to the 
RSRP (Reference Signal Received Power). 

• As in the simple scenarios the cells will be assumed to be fully loaded for the 
calculation of the SINR. 
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In all the simulations the following convention is taken: 

• Handover time: The time between when the power of the target cell is HOM higher 
than the power of the source cell until the time when the UE receives the handover 
command. 

5.3 Characteristics of zones under study in Aalborg 

From the available Aalborg map we will only study the handover problematic in three 
different small areas as the computational power to perform RT simulation on the entire 
map is prohibitively high. The three zones can be seen in Figure 54; in red is Zone 1 that 
corresponds to the city centre of Aalborg, in green there is Zone 2 which is a zone near 
Østre Anlæg and in purple is Zone 3 which is a zone near Sohngårdsholmsparken.   

 

Figure 54 – Aalborg map with the three different zones 
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We first characterize the selected zones with the average and the standard deviation of the 
following parameters: the ISD, the antenna height, the antenna tilt and the building 
height. The results can be seen in Table 9: 

 

Zone 1 Zone 2 Zone 3 

Average Std Average Std Average Std 

ISD 657.06 m 209.92 m 687 m 238.81 m 748.27 m 247.25 m 

Antenna height 24.23 m 4.63 m 21.59 m 4.14 m 18.38 m 4.68 m 

Antenna tilt 6.54° 1.53° 4.76° 1.73° 4.86° 1.85° 

Building height 14.48 m 2.42 m 10.67 m 4.75 m 8.75 m 2.28 m 

Relation antenna 
and building height 

9.75 m ~ 10.92 m ~ 9.63 m ~ 

Table 9 – Statistics of the three zones of Aalborg 

As shown in Table 9, Zone 1 is characterized by having higher antennas and higher 
buildings than the other zones.  

The difference in height between antennas and buildings is almost the same in the three 
scenarios. However, the ratio between the antenna and building height difference and the 
building height increases from Zone 1 to Zone 3. The consequence is that antenna visibility 
increases from Zone 1 to Zone 3. 

In general, we expect the influence of buildings to decrease from Zone 1 to Zone 3.  

  



 
 62 Handover difficulty: Objective metric 
 

5.4 Handover difficulty: Objective metric 

Two different methods will be used to compute the handover difficulty; an objective metric 
and an empirical method. In this section the objective handover difficulty is studied. 

5.4.1 Zone 1 

Zone 1 belongs to the city centre of Aalborg. The position of the sites and the antenna 
names that will be used in the rest of the report are shown in Figure 55: 

 

Figure 55 – Distribution sites Zone 1 

In order to see the effect of the buildings all the zones will be studied with and without 
them using the same antenna configuration.  

For the relevance of the handover study some eNodeBs are not considered in the results as 
their main beam is pointing out of the bounds of the zone but they are taken into account 
when computing the SINR of the other eNodeBs. More eNodeBs are removed as they point 
towards the fjord where the database is not accurate and can introduce errors. The 
removed antennas are: eNodeB 50099, eNodeB 50095, eNodeB 55289, eNodeB 55284, 
eNodeB 53724, eNodeB 50764, eNodeB 50255, eNodeB 50254, eNodeB 36699 and eNodeB 
36695. Antenna 50765 has been maintained as there can be a handover with eNodeB 
50259. 
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The whole Zone 1 is the overall coverage zone. The Area of Study is the overall coverage 
zone minus: 

• The area where the not considered eNodeBs have higher power over the other 
antennas belonging to the overall coverage zone. 

• Borders around the overall coverage zone in order to avoid computing areas that 
may be influenced by eNodeBs that are outside the overall coverage zone. The 
positions of the furthest antennas inside the overall coverage zone are the limits 
taken. 

In Figure 56 we can see coloured the Area of Study of Zone 1 with and without buildings: 

 

Figure 56 – Area of Study of Zone 1: a) without buildings and b) with buildings 

In Figure 56 all the eNodeBs that belong to the overall coverage zone are in white, the 
ones belonging to the Area of Study are highlighted in green. Black spots have been placed 
where the sites are as the software used has some inaccuracies around this area and the 
results do not have to be taken into account, previously shown in section 4.3.3. 

In Figure 56 also the effect of the buildings can be seen. The highest power zones are 
placed similar but their shape change.  
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5.4.2 Zone 2 and Zone 3 

Zone 2 is an area of Aalborg near Østre Anlæg. The distribution of the sites and the name 
of the antennas of this zone that will be used in all the report can be seen in Figure 57: 

 

Figure 57 – Distribution of sites Zone 2 

Zone 3 corresponds to the southeast part of the available Aalborg map. This zone is close 
to Sohngårdsholmsparken. How the antennas are placed and their names can be seen in 
Figure 58: 

 

Figure 58 – Distribution of sites Zone 3 
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Like in Zone 1 several antennas are not considered in both zones, they are: 

• In Zone 2: eNodeB 50769, eNodeB 50764, eNodeB 36834, eNodeB 50754, eNodeB 
50259, eNodeB 55319 and eNodeB 55315. 

• In Zone 3: eNodeB 50279, eNodeB 50274, eNodeB 50119, eNodeB 56889, eNodeB 
56885 and eNodeB 50125. 

eNodeB 36839 for Zone 2 and eNodeB 30274 for Zone 3 are kept as their main beam is 
pointing inside the Area of Study. 

In both zones the same sorts of borders as in Zone 1 have also been removed. The Area of 
Study with and without buildings of Zone 2 and Zone 3 can be seen in Figure 59 and 
Figure 60 respectively: 

 

Figure 59 – Area of Study of Zone 2: a) without buildings and b) with buildings 

 

Figure 60 – Area of Study of Zone 3: a) without buildings and b) with buildings 
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5.4.3 Results 

In order to compute the objective handover difficulty we have defined three different zones 
in each map: 

• Highest power zone: This is the zone where the eNodeB has higher power than all 
the other eNodeBs inside the map. Its definition is shown in equation (7): 

 ∀	D ≠ ^											�MNIC	ILMVI_̀ > �MNIC	ILMVI_b	 (7) 

Where j is the index of the eNodeB under study and i is the index of all the other 
eNodeBs in the overall coverage zone. 

If a connection with the network is established in this zone the UE will be 
connected to eNodeBj. 

• Hysteresis zone: In this zone the other eNodeBs have less power than the source 
eNodeB plus the hysteresis margin (HOM). Its definition can be seen in equation (8): 

 ∀	D ≠ f											�MNIC	ILMVI_� � 	@Ag > �MNIC	ILMVI_b (8) 

Where s is the index of the eNodeB under study, j is the index of all the other 
eNodeBs in the overall coverage zone and HOM	is the hysteresis margin. 

If the UE moves to this zone, when coming from the highest power zone, it will 
continue connected to the source eNodeB. 

• Handover friendly zone: In this zone there is a cell that has higher power than the 
source cell plus the hysteresis margin (HOM). Also, the SINR of the source eNodeB 
has to be above the UE receiver SINR sensitivity. In this zone both inequalities of 
(12) have to be accomplished: 

 
�MNIC	ILMVI_��Qk�� > �MNIC	ILMVI_��PQR� � 	@Ag 

�KL�	fMlCBI	ILMVI_ >	�KL�	�IZfDEDmDEW��PQR�	�n�o�p	 (9) 

 

When the UE moves to this zone the TTT will start. The UE has to perform the 
handover while staying inside this zone, if it goes outside and it has not done the 
handover there will be a call drop as the SINR will have decreased too much. The 
handover time has to be less than the time that the UE spends inside this zone. The 
larger the handover friendly zone, the better since it leaves larger space to perform 
the handover. 
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These three zones are shown in Figure 61 when looking at eNodeB 50059, from Zone 2, 
with a receiver SINR sensitivity of -12 dB. They are shown for the cases with and without 
building: 

 

Figure 61 – Map with highest power, hysteresis margin and handover friendly zone for 
eNodeB 50059 and UE receiver SINR sensitivity of -12 dB: a) without buildings and b) with 

buildings 

The handover objective difficulty metric is defined as in equation (10): 

 @FZVMmIC	Mq^IBEDmI	VD[[DBlEGW � ∑YCIFfs@t ∩ YM�vYCIFsYM�v  (10) 

Where HZ is the handover zone and AoS is the Area of Study defined in section 5.4.1. 

The handover objective difficulty is computed as the sum of all the handover friendly areas 
of each eNodeB that are within the Area of Study. We only take the handover friendly 
area that belongs to the Area of Study. As taking a bigger Area of Study will mean having 
a higher handover objective difficulty we scale it over its area.  

The best handover case will be to have a large handover friendly area so the UE will be 
able to have a bigger handover time without dropped calls. For that reason, a bigger 
handover objective difficulty number will mean having better handover conditions. 
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The handover objective difficulty has been computed for the three different zones of 
Aalborg map, Zone 1, Zone 2 and Zone 3, with and without buildings. The results obtained 
for a UE receiver SINR sensitivity of -9 dB and -12 dB are shown in Table 10 and Table 
11 respectively: 

 
Zone 1 Zone 2 Zone 3 

Empty Buildings Empty Buildings Empty Buildings 

Overall coverage 
area 

1.014 km2 0.623 km2 1.453 km2 1.087 km2 1.928 km2 1.628 km2 

Sum of handover 
areas 

1.215 km2  0.645 km2 2.139 km2 1.436 km2 3.142 km2 2.385 km2 

Handover objective 
difficulty 

1.198 1.034 1.472 1.321 1.630 1.465 

Table 10 – Handover difficulty: Objective metric. UE receiver SINR sensitivity of -9 dB 

 
Zone 1 Zone 2 Zone 3 

Empty Buildings Empty Buildings Empty Buildings 

Overall coverage 
area 

1.014 km2 0.623 km2 1.453 km2 1.087 km2 1.928 km2 1.628 km2 

Sum of handover 
areas 

1.624 km2 0.867 km2 2.929 km2 1.885 km2 4.352 km2 3.338 km2 

Handover objective 
difficulty 

1.603 1.391 2.015 1.734 2.258 2.050 

Table 11 - Handover difficulty: Objective metric. UE receiver SINR sensitivity of -12 dB 

From Table 10 and Table 11, as generally expected, we can see that if we increase the UE 
receiver SINR sensitivity we will have a wider handover zone, the handover objective 
metric will increase and we will have better handover conditions. Also, if we increase the 
UE receiver SINR sensitivity the impact of buildings grows. 

In all the zones when adding buildings in the scenario the handover conditions get worse. 

From the results obtained in Table 10 and in Table 11 the worst zone to perform 
handovers trying to avoid call drops is Zone 1 and the best one is Zone 3. If we go back to 
the characteristics of each zone, section 5.3 of this report, we will find that Zone 3 has 
higher ISD and the antennas and buildings are shorter while Zone 1 has smaller ISD and 
the antennas and buildings are higher.  

There is a correlation between the handover conditions and the antenna visibility; if it is 
more visible it is better, and the ISD; if it is larger it is better for the handover conditions.  
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5.5 Handover difficulty: Empirical method 

After analysing the handover performance in an objective way over three zones an 
empirical way is used now. The objective metric does not include all the possible effects 
and by using this empirical method we will try to analyse the specific handover situations. 
Three representative major drive axis of Aalborg have been chosen, one for each of the 
previous zones. 

5.5.1 Zone 1: Route Vesterbro 

In order to pick a route that may have handover difficulties a methodology needs to be 
followed: 

• The first step is to plot the SINR over the map while being connected to one 
eNodeB. In this SINR map some thresholds are applied to have different zones; a 
zone where the SINR is above -10 dB, a zone where the SINR is from -10 to -15 dB, 
a zone where the SINR is between -15 to -20 dB and a zone where the SINR is below 
-20 dB. In this map also the area where the eNodeB has higher power than the rest 
of the eNodeBs of the map has to be shown as well as the hysteresis area. The 
hysteresis area will vary depending on the value of the HOM that the network 
operator establishes. All these zones can be seen in Figure 62. 

• When the SINR map is done a route can be picked. It has to start inside the area 
where the eNodeB has higher power than the other antennas of the map so this one 
will become the source eNodeB when establishing the connection. When the route 
goes out of the hysteresis zone the TTT will be started. 

For Zone 1 the route taken is going north through Vesterbro and the source antenna is 
eNodeB 32059. All can be seen in Figure 62 where the source eNodeB is highlighted in 
green and the route is shown in purple: 

 

Figure 62 – Zone 1: Route Vesterbro. SINR map while connected to eNodeB 32059 
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If we plot the received power over the route from all the eNodeBs inside Zone 1 and the 
SINR if we are connected to eNodeB 32059 we obtain the results shown in Figure 63: 

 

Figure 63 - Zone 1: Route Vesterbro, a) Received power along the route and b) SINR with 
source cell eNodeB 32059  

When taking this route the SINR of the UE will decrease to -40 dB in half a second going 
at 50 km/h. The handover has to take place in a really short period of time to avoid a 
dropped call. This drop in the SINR is because at the beginning of the route the UE is 
receiving power from eNodeB 32059 in a direct view but when it continues moving this 
power decreases fast while the received power from nearer antennas increases. This is due 
to the canyon effect; the interference comes from perpendicular streets where the power is 
narrowed and has a high level. In the simple scenarios, Scenario F, a simple case was also 
studied where there was a route crossing two cells with the effect of one building. 
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5.5.2 Zone 2: Route Fyensgade-Sønderbro 

For Zone 2 a route that turns in a corner has been picked. This sort of routes where not 
studied in the simple scenarios but they are common in real environments. The route 
starts in Fyensgade and turns down in Sønderbro. The SINR map of eNodeB 36835, which 
will be the source eNodeB highlighted in green, and the route are shown in Figure 64: 

 

Figure 64 – Zone 2: Route Fyensgade-Sønderbro. SINR map while connected to eNodeB 36835 

The received power over the route and the SINR while being connected to the source 
eNodeB 36835 are shown in Figure 65: 

 

Figure 65 - Zone 2: Route Fyensgade-Sønderbro, a) Received power along the route and b) 
SINR with source cell eNodeB 36835 

From the SINR graph shown in Figure 65 we can see that the SINR will drop to -25 dB in 
4 seconds from the point where the handover will be triggered. This is a typical corner 
case; when the UE is in Fyensgade it receives high power from eNodeB 36835 as its main 
beam is pointing towards the route but when the UE turns in Sønderbro the route is in the 
direction of the main beam of eNodeB 50765 and eNodeB 50254 which makes the SINR 
drop. In Scenario F, of the simple scenarios, the bad effect of buildings in the handover 
performance was also shown. 
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5.5.3 Zone 3: Route Hadsundvej 

For the last zone studied, Zone 3, a route that goes down through Hadsundvej has been 
picked. At the beginning of the route the UE will get connected to eNodeB 50115. Its 
SINR map as well as the route is shown in Figure 66: 

 

Figure 66 – Zone 3: Route Hadsundvej. SINR map while connected to eNodeB 50115 

The received power along the route and the SINR while connected to the source eNodeB 
are shown in Figure 67: 

 

Figure 67 - Zone 3: Route Hadsundvej, a) Received power along the route and b) SINR with 
source cell eNodeB 50115 

From Figure 67 it can be seen that the SINR will drop but not in such a critical way as in 
the two previous routes. In this case we are having a route that crosses the coverage area 
of two collocated antennas with a route horizontal to them. From the simple scenarios we 
have seen that this is a critical situation for handover. 
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5.6 Summary 

From the cases studied in a 3D city model some conclusions can be drawn from the 
objective handover metric: 

• The distribution of the physical network elements has a large influence on the 
handover behaviour. 

• The worst case for the handover performance is having an area with small ISD as 
there will be more high interference signals and a low antenna visibility. 

• The antenna visibility is an important factor; if the antenna is less visible it leads to 
worst handover conditions. 

• The buildings play a big role in the handover. The same zone without them will 
behave better in terms of handover performance. 

From the empirical point of view some conclusions can also be extracted: 

• The SINR along the route is a good metric for analysing handover situations as it 
was with the simple scenarios. 

• A different approach to find bad handover routes needs to be applied in a 3D city 
environment. Plotting the SINR over the map, as explained in section 5.5.1, seams a 
good technique. 

• In a real 3D city environment new corner routes can be simulated as more buildings 
are placed. This sort of routes can lead to call drops due to the conflicting 
signal/interference situations. 

• If the UE increases the speed the SINR results will be scaled and the UE will have 
less time to perform the handover without any call drop. If the UE doubles the 
velocity the maximum handover time will become half of what was before. 
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6.1 Conclusions 

The LTE handover, hard handover, differs from the 3G WCDMA handover, soft handover. 
The first step of this project was to study the background of the LTE handover. 

After a detailed analysis of the handover procedure, we conclude that the most critical 
moment during the handover procedure is when the source eNodeB takes the decision to 
perform a handover and the UE is still connected to it waiting for the handover command. 
When the handover command is received, the UE will get unattached to the network and 
then connect to the target eNodeB. This moment is critical because the SINR of the UE is 
decreasing while it waits for the handover command and it may lead to a call drop if the 
handover command is not received fast enough. 

With this problem in mind we studied different parameters that can influence the time 
window where the handover command can be received without failure (in the report called 
handover critical time).  

First simple scenarios were simulated with a Ray Tracing tool to see the impact of various 
parameters on the handover procedure. Four types of parameters were analysed; network 
handover related parameters, antenna parameters, route trajectory and UE parameters as 
the speed and the receiver SINR sensitivity. The overall conclusions are: 

• If the UE increases the speed the likelihood of a call drop increases. For example, 
having a route close to two collocated antennas driving a high speed can almost 
guarantee that there will be a call drop.  

• For simple scenarios where only two antennas are placed and therefore, just one 
handover will happen increasing the HOM will mean that the handover will need to 
be faster to avoid call drops as shown in Scenario A. However, in more complex 
scenarios having a bigger hysteresis margin will help to avoid ping-pong handovers 
therefore, the choice of HOM is a compromise. 

• The angle of the route influences the handover behaviour: 

- For collocated antennas the worst angle for handover in simple scenarios is 
zero degrees; the route is horizontal to the antennas. 

- For non collocated antennas the worst angle for the handover performance 
will vary depending of the ISD. 

• Regarding the distance of the route for collocated antennas; when using isotropic 
antennas the worst case is when the route is close to the site while in sectorized 
antennas the worst case is when the route is placed at the distance where the UE 
will receive the highest power from the eNodeBs. 
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• The antenna height and tilt also have an influence on the handover behaviour. They 
change the distance where the UE receives highest power from the main beam of the 
antennas. Also, the antenna pattern has a high influence in the handover behaviour; 
the position and power of the secondary lobes can change the point where the power 
of the target cell is HOM higher than the power of the source cell (low power point 
in the report) and make the SINR decrease suddenly. 

Secondly, a study of a 3D city model has been done. For that, we used Ray Tracing that 
allowed us to simulated small areas of Aalborg, Denmark, with a deterministic model. In 
order to analyse handovers over an area instead of a route, an objective handover metric 
has been defined. This enables us to compare the characteristics and the difficulty to 
perform handovers within each of these areas. Also in the 3D city model some SINR maps 
have been generated to be able to see which routes may cause handover problems. The 
conclusions are: 

• Areas with small ISD tend to contain more interference and therefore have a 
negative impact in the handover performance. 

• The handover performance is also affected by the antenna visibility. If the antennas 
are less visible more corner effects will be created as well as more high interferences 
due to the canyoning effect which has a negative impact on handovers.  

• Buildings in general have a negative impact on the handover performance as they 
influence the antenna visibility. This has been shown in the different results of the 
handover objective metric with and without buildings. 

Finally, more general conclusions: 

• In a city different routes can be picked but some have worse impact on the LTE 
handover than others. This is due to the presence of buildings and the fact that 
major communication axes are not necessarily oriented and are not placed in the 
best position according to the orientation of the antennas. In simple scenarios taking 
a route of zero degrees at the distance where the UE will receive highest power from 
the antennas was the worst handover case. This type of situation can typically occur 
along motorways but it is less likely in a city environment where corner cases and 
interferences coming from canyoning effects are a biggest issue. 

• From the operator point of view; placing antennas with a high antenna visibility will 
improve the handover performance. Another important factor is to model the TTT 
in each coverage area according with its characteristics and knowing that some zones 
need to have faster handovers than others in order to avoid call drops. 
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6.2 Future work 

A simulated based study about critical scenarios for the handover performance has been 
done in this project. Once a LTE network is deployed in Aalborg, measurement 
verification studies could be performed in order to confirm the results. Also, in real life 
more factors are included, as vegetation and vehicles, which are not possible to simulate 
and can change the handover performance. 

One objective handover difficulty metric has been developed. More objective metrics can 
be developed so at the end an automated way to predict call drop zones can be achieved. 
Such type of work could possibly capture interest of network planners. 
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In this appendix the background about 3G handover and cell reselection procedure will be 
explained. 

A.1 Overview of 3G 

First of all an overview of how 3G works needs to be explained. In chapter A.1.1 the 3G 
system architecture will be explained and in chapter A.1.2 the 3G lower layer protocols 
will be explained. 

A.1.1 3G basic system architecture 

The 3G system architecture is based in three main groups [9] which can be seen in Figure 
68: 

• The UE (User Equipment). This is the device that the end user uses to communicate 
with the network. 

• The UTRAN (UMTS Terrestrial Radio Access Network). This is the radio network 
composed by several NodeBs and RNCs (Radio Network Controller). 

• The CN (Core Network); which is divided in two groups: 

� The Circuit Switched services: It is formed by the MSC/VLR (Mobile services 
Switching Centre/ Visitor Location Register) and the GMSC (Gateway Mobile 
services Switching Centre). 

� The Packet Switched services: It is formed by the SGSN (Serving General GPRS 
Support Node) and the GGSN (Gateway GPRS Support Node). 

Both parts share the HLR (Home Location Register). 



 
 82 Appendix A: Handover and Cell reselection in 3G 

 

 

Figure 68 – 3G basic system architecture 

A.1.1.1 UE 

The User Equipment (UE) is the interface that the end user uses to communicate. It is 
formed by two components; the ME (Mobile Equipment) and the USIM (UMTS 
Subscriber Identity Module). 

The ME is the radio part of the UE that allows communicating with the network. The 
USIM is the part that identifies the user in the network with information as which radio 
networks it is allowed to use and which not. 

The UE is the responsible of doing measurements and sending measurement reports to the 
NodeB so it can perform the handover decision if needed. These reports can be event based 
or periodic depending on how it is defined by the network. 

A.1.1.2 UTRAN 

The UMTS Terrestrial Radio Access Network is formed by two types of entities: 

• NodeB: The NodeB is the entity that acts as base station in the 3G network. It 
performs basic radio resource management. When the UE sends a measurement 
report it is the responsible of taking the handover decision. The NodeB is connected 
to the RNC through an interface called Iub. 

• RNC: The Radio Network Controller (RNC) is the responsible of the radio resource 
management. When a handover decision is done in the source NodeB it will manage 
all the signals to perform the soft, softer or hard handover. Different RNCs are 
interconnected through an interface called Iur. 
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A.1.1.3 CN 

The Core Network (CN) has two parts each of them providing different services: 

• Circuit Switched (CS) services: 

� MSC/VLR: The Mobile services Switching Centre is the switch of the CS 
services. The Visitor Location Register is the database that has the user profile of 
the current session with the CS services and the current location of the UE.  

� GMSC: The Gateway Mobile services Switching Centre is the entity that acts as 
a switch with all the external connections. 

• Packet Switched (PS) services: 

� SGSN: The Serving General GPRS Support Node has the same mission as the 
MSC/VLR in the CS services but with PS services. 

� GGSN: The Gateway GPRS Support Node acts as the GMSC in CS services but 
for PS services. 

• Home Location Register (HLR): Both CS and PS services share the Home Location 
Register. The HLR is the database of the network. It has information such as which 
services can access the user or which are the allowed roaming areas. The UE is 
entered in the HLR when it first subscribes to the network and is deleted when it 
stops being registered. 

A.1.2 3G protocol architecture 

Only an overview of how the lower layers of the 3G protocol architecture work is enough 
to understand later procedures. The lower layers are structured as shown in Figure 69: 

 

Figure 69 – 3G protocol architecture 
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A.1.2.1 Physical layer 

In the 3G Physical layer we will only focus on what is relevant for this project. 

The handover decision is based on measurement reports that the UE sends to the NodeB. 
There are different measurements, all of them done in the Common Pilot reference channel 
(CPICH). 

The function of the CPICH channel is to allow the UE to estimate the channel and also 
perform measurements over it. The frame structure of the CPICH channel is shown in 
Figure 70 [11]: 

 

 

Figure 70 - Frame structure of the CPICH channel 

One radio frame lasts 10 ms and is composed of 15 slots that have 20 bits each. From that 
value we obtain that the rate of the CPICH channel is fixed and equal to 30 kbps as 
calculated in (11): 

 
15	fGMEf10	Hf X 20	qDEffGME � 30	{q|f (11) 

Also we can calculate as in(12) that one slot has a chip rate of 2560 chips (the chips rate 
of WCDMA is 3.84 Mcps). 

 
3.84	gB�D|ffI� X 10	Hf1	C. [CFHI X 1C. [CFHI15	fGMEf � 2560	B�D|f (12) 

Finally, say that the CPICH channel has a Spreading Factor (SF) of 256. 

The 3G architecture has two types of CPICH channels; the Primary CPICH channel (P-
CPICH) and the Secondary CPICH channel (S-CPICH).  

All the measurements are done over the P-CPICH channel. As explained in [11], the P-
CPICH channel always has the same channelization code, it is scrambled by the primary 
scrambled code [12] and there is only one P-CPICH channel broadcasted in the whole cell. 
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The UE performs several types of measurements for the handover procedure: 

• RSCP (Received Signal Code Power): 

The RSCP is as said in [13] ‘the received power on one code measured on the P- 
CPICH. The reference point for the RSCP shall be the antenna connector of the UE. If 
Tx diversity is applied on the P-CPICH the received code power from each antenna 
shall be separately measured and summed together (in [W]) to a total received code 
power on the P-CPICH.’  

• RSSI (Received Signal Strength Indicator): 

The RSSI is as said in [13] ‘the received wideband power, including thermal noise and 
noise generated in the receiver, within the channel bandwidth. The reference point for 
the measurement shall be the antenna connector of the UE.’ 

• Ec/No: 

The Ec/No is defined as in equation (13) : 

 Ec/Io	 =	
����

���K
 (13) 

Where the RSCP and the RSSI measurements have been done in the P-CPICH channel. 

A.1.2.2 MAC 

The Medium Access Control Protocol (MAC) is the lowest layer of the Layer 2 protocols 
of 3G. It maps the transport channels that come from the Physical layer into the logical 
channels that will communicate with the Radio Link Control layer. 

The main functions of the MAC layer are [9]: 

• The MAC layer decides which packets have more priority between users. It also 
schedules the packets of one UE by their priority.  

• It monitors the volume of traffic. If there is too much it will send a report to the 
RRC layer. Also it can be programmed to send periodic traffic volume reports to the 
RRC layer. 

• It receives Packet Data Units (PDUs) from the transport channel and transmits 
them to the physical channels and vice versa. 

A.1.2.3 RLC 

The Radio Link Control (RLC) layer belongs to layer 2 and it is connected to the MAC 
layer through the logical channels. It can be operating in three different modes [9]: 

• Transparent Mode: In this mode no overhead is added as the PDUs are mapped 
directly. There is no retransmission of wrong packets, they are discarded. It is used 
for streaming transmissions. 
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• Unacknowledged Mode: There are no retransmissions and it can no assure that all 
the packets will arrive. If any packet arrives and is erroneous it is marked or just 
discarded. For having an account of how many packets have arrived the PDUs have 
sequence numbers. It is used for services as VoIP or signalling procedures. 

• Acknowledged Mode: In this mode we have error correction as it uses ARQ 
mechanisms. It is used for services as internet browsing. 

The main functions of the RLC layer are: 

• It segments or concatenates some PDUs to form Service Data Units (SDU). If an 
entire SDU cannot be formed from different PDUS it also adds padding on it. 

• In the Acknowledged Mode the RLC layer performs error correction. 

A.1.2.4 BMC 

The Broadcast/Multicast Control (BMC) protocol layer belongs to the layer 2. It is only 
used for broadcast and multicast services in the user plane point of view. It monitors how 
much traffic volume has and how much does the Cell Broadcast Service (CBS) need. 

A.1.2.5 PDCP 

The Packet Data Convergence Protocol (PDCP) layer belongs to the layer 2 in the 3G 
protocol architecture. It is only used in the user plane of PS services. It can compress the 
redundancy in the packets to have a better spectral efficiency. 

A.1.2.6 RRC 

The Radio Resource Control (RRC) layer is inside the control plane of layer 3. The UE 
can be in different RRC states; RRC Cell_DCH, RRC Cell_FACH, RRC Cell_PCH, 
RRC URA_PCH and RRC Idle mode which will be explained in detail in section A.2.  

This protocol layer is the most important related to mobility aspects. It has many 
functions but the main ones are [9]: 

• Handle the system information elements which are sent in the Broadcast transport 
channel (BCH) and occasionally in the Forward Access transport channel (FACH). 
There are two types of system information elements [10]: 

� Master Information Blocks (MIB): It has scheduling and frequency of occurrence 
of the System Information Blocks in the cell. It is sent regularly in the BCH 
channel.  

� System Information Block (SIB): There are specified up to eighteen but some of 
them are optional to include. Each of them includes similar control information 
but they are different between themselves. 

• Handle if there is any incoming paging for one UE in the Paging Control transport 
channel (PCCH). 
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• If the UE is in RRC Idle mode it is the responsible of manage all the procedures 
related to cell selection and reselection. 

• If the UE is in Connected mode, the RRC protocol layer is responsible of allocating, 
releasing and managing the radio resources. 

• It performs control functions as management of the integrity keys of the session. 

• It performs an open loop power control. 

• It handles how the measurement reports of the UE are done. 

A.2 Mobility in 3G 

In UMTS (Universal Mobile Telecommunications System) the UE can be in five states; 
RRC Idle Mode, RRC Cell_DCH, RRC Cell_FACH, RRC Cell_PCH or RRC 
URA_PCH, the last four belong to the Connected Mode.  

In Idle Mode there is no exchange of packets but the UE is still visible to the network in 
case of paging (it keeps monitoring the Paging logical channel, PCH). When the UE needs 
to change the cell where it is camping on it performs a cell reselection which will be 
explained in section A.2.1. 

In Connected Mode the UE is attached to the network and it has a connection enabled. 
The connected Mode can be divided in four RRC states [9]: 

• RRC Cell_DCH: In this state a dedicated connection is needed as the UE is 
exchanging continuously data at a high rate with the network. For this dedicated 
connection the UE takes a lot of resources as it uses the Dedicated transport channel 
(DCH) on the uplink and in the downlink. When the UE is in this state its position 
is known at cell level. When the UE needs to change the cell where it is attached it 
will perform a soft, softer or hard handover which will be explained in section 0. 

• RRC Cell_FACH: In this state the UE is also exchanging data with the network but 
it is light and bursty. For that purpose it uses the Random Access transport channel 
(RACH) in the uplink and the FACH transport channel in the downlink. In this 
state the position of the UE is known at cell level. When the UE needs to change the 
cell where it is attached it will perform a cell reselection that will be explained in 
section A.2.1. 

• RRC Cell_PCH: In this state the UE is registered as connected to the network but 
it uses minimum resources, consequently no radio resources are allocated. The 
position of the UE is known at cell level. When the UE changes the cell where it is 
attached it changes to the RRC Cell_FACH state to perform a cell reselection. 
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• RRC URA_PCH: In this state the UE is registered as connected to the network but 
it uses minimum resources. The main difference with RRC Cell_PCH state is that it 
only updates its position to the network when it changes the Registration Area (a 
group containing several cells), because of that the position of the UE is known at 
Registration Area level. When the UE needs to change the cell it is attached to, it 
moves to RRC Cell_FACH state and performs a cell reselection. 

The UE RRC states and how they interact are shown in Figure 71: 

 

Figure 71 – RRC service states in 3G 

A.2.1 Cell reselection in 3G 

The cell reselection procedure is done when the UE is in RRC Idle mode and in RRC 
Cell_FACH state.  

The cell reselection procedure is based in the Cell Reselection Criteria [7] shown in 
equation (14): 

 
�� � �����,� � �����,� 

�� = �����,� 4 �������,�,� 
(14) 

Where Qmeas,s is the RSCP measurement quantity of the serving cell, Qmeas,n is the RSCP 
measurement quantity of the neighbour cell, Qhyst,s is the hysteresis level of the serving cell 
and Qoffset,s,n is an offset value between the two cells.  

If Rn is greater than Rs for at least Treselection a cell reselection will be performed. 

If the received power of the current cell is high enough there is no need to start making 
measurements of other cell’s power. For that reason two thresholds are defined; Sintrasearch 
and Sintersearch. The UE will start making intrafrequency measurements (in the same 
frequency) if the power of its cell is below Sintrasearch and interfrequency measurements (in 
different frequencies) if the power of its cell is below Sintersearch. 
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A.2.2 Handover in 3G 

In RRC Cell_DCH state the UE will send periodically or event based measurement 
reports with different events as for example the event 1a, event 1b, event 1c or event 1d 
[8]. With this reports the NodeB will take the handover decision over the UE. 

In 3G there are three different handover procedures: softer handover, soft handover and 
hard handover. 

A.2.2.1 Softer handover 

The softer handover occurs between 5 to 15% of the connections [9]. It occurs when the UE 
is in the middle of the cell coverage of two sectors belonging to the same NB (NodeB). The 
softer handover scenario can be seen in Figure 72: 

 

Figure 72 – Softer handover situation 

The softer handover follows the same procedure as the soft handover. This procedure will 
be explained in the next section. 

A.2.2.2  Soft handover 

The soft handover is the most common of all the possible handovers in 3G, it occurs 
between 20 to 40% of the connections [9]. When the UE is moving from the cell coverage 
of the source NodeB to the cell coverage of the target NodeB a soft handover will occur.  

Two cases of soft handover can happen; the most common is when the NodeBs share the 
RNC and the less common is when they have different RNCs. The two soft handover 
scenarios can be seen in Figure 73: 

 

Figure 73 – a) Soft handover situation when the NodeBs share the RNC and b) Soft handover 
situation when each NodeB has its RNC 
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The Active set is the group of NodeBs where the UE is connected and transferring data at 
the same time. There is a maximum value which is defined by the network, it can vary 
from two to four and the default value is three [8]. 

The soft handover algorithm is shown in Figure 74 and is based in three procedures [9]: 

• Radio Link Addition:  This procedure happens only if the Active set is not full. With 
it we will add one NodeB to the Active set and it is usually triggered by a 
measurement event 1a report, event 1c report or event 1d report from the UE [8]. 
The inequality in (15) needs to be accomplished during at least ∆Tadd to add the 
new NodeB to the Active set:  

 �DGME���� > _IfE	�DGME���� 4�DZVMN_FVV (15) 

Where Window_add is a hysteresis value over the cell with higher power in the 
Active set. 

• Radio Link Replacement: This procedure happens only if the Active set is full. It 
consists on changing one NodeB that is in the Active set for another. It is triggered 
by a measurement event 1c report or event 1d report from the UE. The condition 
that needs to be accomplished during at least ∆Trep to replace the NodeB from the 
Active set to another is shown in inequality (16): 

 _IfE	BFZVDVFEI	�DGME���� > �MCfE	MGV	�DGME���� � �I|GFBIHIZE_�WfE (16) 

Where Replacement_hyst is a hysteresis value over the cell with lower power in the 
Active set. 

• Radio Link Removal: This procedure is based on removing one NodeB from the 
Active set. It is triggered by a measurement event 1b report from the UE [8]. The 
condition that needs to be fulfilled at least during ∆Trem to remove the NodeB from 
the Active set is shown in inequality (17): 

 �DGME���� T _IfE	�DGME���� 4�DZVMN_VCM| (17) 

Where Window_drop is a hysteresis value over the cell with higher power in the 
Active set. 
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Figure 74 and its explanation may help us to understand better the soft handover 
procedure: 

 

Figure 74 - Soft handover algorithm 

In Figure 74 the maximum size of our Active set is two. Initially we only have Cell 1 in 
the Active set. At some point there is another cell, Cell 2, that fulfils the Radio Link 
Addition condition. This means that its received power is greater than the most powerful 
cell in the Active set, Cell 1, minus a hysteresis value, Window_add, during at least ∆Tadd 
and the Active set is not full.  

Later we have our Active set full, it has two NBs, and Cell 3 fulfils the Radio Link 
Replacement condition. This means that the power of Cell 3 is higher than the power of 
the cell of lowest power in the Active set, in this case Cell 1, plus a hysteresis value, Replacement_hyst, during at least ∆Trep. For that reason Cell 1 is replaced by Cell 3 and 
now the Active set is formed by Cell 2 and Cell 3. 

At the end, Cell 3 accomplishes the Radio Link Removal condition and it is removed from 
the Active set. By this it means that the power of Cell 3 becomes lower than the power of 
the cell with higher power in the Active set, in this case Cell 2, minus a hysteresis value, Window_drop, during at least ∆Trem.  

With all the process showed in Figure 74 we can see a soft handover between Cell 1 and 
Cell 2 and another between Cell 2 and Cell 3. 
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The packet flow of all the process is shown in Figure 75, Figure 76, Figure 77 and Figure 
78: 

 

 

Figure 75 –Packet flow before soft handover 

In Figure 75 the UE is attached to the source NodeB and the downlink and uplink packets 
are being exchanged with it. 

 

Figure 76 – Packet flow when initiating soft handover 

As shown in Figure 76, when there is a new NodeB that accomplishes the Radio Link 
Addition condition it has to be included in the Active set. For that reason, the RNC sends 
a command to the target NodeB to include it in the Active set list of the UE.  

 

Figure 77 – Packet flow during soft handover when there are two NodeBs in the Active set 
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Now, as shown in Figure 77, two NodeBs are in the Active set of the UE and it is 
exchanging packets with both of them at the same time. The RNC will send to both 
eNodeBs the same packets towards the UE. In theory, as the UE never loses the 
connection with the network no packets are lost in the process. 

 

Figure 78 –Packet flow after soft handover with NodeBs sharing the RNC  

Finally, as shown in Figure 78, when the Radio Link Removal condition is accomplished 
the link with the source NodeB will be removed and only the one with the target NodeB 
will be maintained. From this moment the NodeB will only exchange uplink and downlink 
packets with the target NodeB. 

The signalling process during the soft handover procedure can be divided in two parts: 

• Link Addition: 

The Link Addition procedure in a packet flow point of view is the change from Figure 
75 to Figure 77. The signals that are exchanged can be seen in Figure 79: 

 

Figure 79 - Link addition in the soft handover procedure 
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1. The UE sends a Measurement Report to the source RNC through the source 
NodeB. 

2. If the Radio Link Addition condition is fulfilled the source RNC decides to add the 
target NodeB to the Active set. The source RNC will send a RL SETUP REQUEST 
to the target RNC to establish the new radio link. 

3. The target RNC sends a RL SETUP REQUEST to the target NodeB. 

4. The target NodeB if there is any problem will send a RL SETUP RESPONSE to 
the target RNC. 

5. The target RNC sends a RL SETUP RESPONSE to the source RNC. 

6. There will be a bearer setup between the source RNC and the target NodeB to 
allow the following data transfer between them. 

7. Later downlink synchronization between the source RNC and the target NodeB is 
done. 

8. Uplink synchronization is done between the target NodeB and the source RNC. 

9. The source RNC will inform the UE that a new NodeB has been added to the 
Active set sending an ACTIVE SET UPDATE message. 

10.  When the UE has successfully added the new NodeB to the Active set it sends an 
ACTIVE SET UPDATE COMPLETE message to the source RNC. 
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• Link deletion: 

The Link Deletion procedure in a packet flow point of view is the change from Figure 77 
to Figure 78. The signals that are exchanged can be seen in Figure 80: 

 

Figure 80 - Link deletion in the soft handover procedure 

1. The UE sends a Measurement Report to the RNC 1 through the NodeB 1. 

2. If the Radio Link Deletion condition is fulfilled then the RNC 1 will decide to 
remove the corresponding NodeB from the Active set, in this case NodeB 2. The 
RNC 1 will send an ACTIVE SET UPDATE message to the UE so it can remove 
NodeB 2. 

3. The UE removes NodeB 2 from the Active set and then sends an ACTIVE SET 
UPDATE COMPLETE to the RNC 1. 

4. The RNC 1 sends a RL DELETION REQUEST message to the RNC 2. 

5. The RNC 2 sends a RL DELETION REQUEST message to the NodeB 2. 

6. When the NodeB 2 releases the resources it sends a RL DELETION RESPONSE 
message to the RNC 2. 

7. The RNC 2 sends a RL DELETION RESPONSE message to the RNC 1. 

8. As the NodeB 2 has been removed from the Active set and there is no more 
connections the bearers are released. 
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A.2.2.3 Hard handover 

In 3G the main sorts of handovers that occur are softer and soft handover and they have 
already been explained in sections A.2.2.1 and A.2.2.2. There is a special situation when a 
hard handover happens in 3G but it doesn’t occur often. When the UE is in the middle of 
the cell coverage of two different NodeBs that don’t share the RNC and there is no Iur 
interface between the RNCs then a hard handover occurs. This type of handover, in 3G, 
only occurs when using Circuit Switched services and it is enabled in the network. With 
Packet Switched services no hard handover is allowed and a re-connection will be done [8]. 

The packet flow of hard handover process in 3G is showed in Figure 81, Figure 82, Figure 
83 and Figure 84: 

 

Figure 81 – Packet flow before 3G hard handover 

As shown in Figure 81, initially the UE is connected to the source NodeB and it sends a 
measurement report that will lead to a handover decision. As no Iur interface exists 
between RNCs a hard handover will be performed. The source RNC will indicate to the 
MSC/VLR that a hard handover is needed. 

 

Figure 82 – Packet flow during admission control and RL allocation in 3G hard handover 

As shown in Figure 82, later the source RNC will ask the target RNC if a hard handover 
can be done. Also it will ask for RL resources allocation in the target NodeB. 
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Figure 83 – Packet flow when UE not connected to the network during 3G hard handover 

As shown in Figure 83, when the UE has the new configuration from the target NodeB it 
will get unattached to the network to change from the source NodeB to the target NodeB. 

 

Figure 84 – Packet flow after 3G hard handover 

As shown in Figure 84, the UE will connect again to the network through the target 
NodeB and the resources allocated to the source NodeB will be released. 
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The main important channels for the handover and cell reselection procedure are the 
downlink ones, they are classified as follows: 

• Logical Channels: 

� Paging Control Channel (PCCH): It transfers paging information. Used when the 
UE is in RRC_IDLE mode and the networks needs to page it. 

� Broadcast Control Channel (BCCH): Carries the broadcast information. 

� Common Control Channel (CCCH): Transmits control information. It is used 
when the UE does not have a RRC connection with the network. 

� Dedicated Control Channel (DCCH): Point-to-point channel for dedicated control 
information when the UE has a RRC connection. 

� Dedicated Traffic Channel (DTCH): Point-to-point channel that carries all the 
user data. 

� Multicast Control Channel (MCCH): Point-to-multipoint channel that carries 
multicast control data. 

� Multicast Traffic Channel (MTCH): Point-to-multipoint channel that carries 
multicast traffic data. 

• Transport Channels: 

� Paging Channel (PCH): Conveys the PCCH. 

� Broadcast Channel (BCH): Conveys the BCCH. 

� Downlink Shared Channel (DL-SCH): It is the main channel for downlink data 
transfer. 

� Multicast Channel (MCH): Channel that transmits all the multicast data it 
conveys the PMCH channel. 

• Physical Channels: 

� Physical Broadcast Channel (PBCH): It carries system information for a UE 
requiring access to the network. 

� Physical Downlink Shared Channel (PDSCH): Used for unicast and paging 
functions. 

� Physical Multicast Channel (PMCH): It carries the system information for 
multicast purposes. 

� Physical Downlink Control Channel (PDCCH): It carries the scheduling 
information. 
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� Physical Hybrid ARQ Indicator Channel (PHICH): It is used to report the 
Hybrid ARQ status. 

� Physical Control Format Indicator Channel (PCFICH): It carries the number of 
OFDM symbols used in the PDCCH channel. 

The mapping of all this channels can be seen in Figure 85: 

 

Figure 85 - Mapping of the downlink logical and transport LTE channels 

 

 
 
  



 
 100 Appendix C: SINR 

 

Appendix Appendix Appendix Appendix C: C: C: C: SINRSINRSINRSINR    

In this appendix it is explained how the 3G and the LTE SINR are understood. 

C.1 3G SINR 

In 3G, before sending the downlink signals they are first spread and then scrambled as 
shown in Figure 86 [14]: 

 

Figure 86 - Spreading and Scrambling 

� Spreading: Spreading the signal will allow separating users inside one cell or 
sector. Every channel is multiplied for a concrete code generated with the 
Orthogonal Variable Spreading Factor (OVSF) technique. The number of 
different codes available corresponds to the Spreading Factor (SF). The OVSF 
technique is based in the code tree shown in Figure 87 [12]: 

 

Figure 87 – OVSF code tree 

In UMTS values from 4 to 512 are used as a SF, but for soft handover only 
values from 4 to 256 are allowed due to restrictions in the time adjustment. 
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In equation (18) the SF is defined knowing that the chip rate in WCDMA is 3.84 
Mchips/s: 

 �� � 	 B�D|	CFEIqDE	CFEI � 	3.84	gB|f

qDE	CFEI
 (18) 

� Scrambling: The Scrambling technique is used to separate NodeBs or UEs from 
each other. For that reason only one scrambling code is used per cell or sector.  

If the orthogonality between codes is maintained the UE will be able to separate 
NodeBs. However, the orthogonality is not perfect due to the multipath of the 
channel. To measure this loss of orthogonality the orthogonality factor is defined. 
Its value goes from 0 to 1, 0 meaning that the codes are orthogonal. 

With the two previous concepts defined we can define the downlink 3G SINR as in 
equation (19): 

 �KL� =	
�� × ��

�< × Kb��Q� � �� × Kb���Q � L�

=
���

�< × Kb��Q� � �� × Kb���Q � L�

 (19) 

Where Gp is the Spreading Factor, PR is the received power before despreading, α1 is the 
orthogonality factor, Iintra	the interference from the same cell, α2 the orthogonality between 
channels, Iinter the interference from the neighbour cells, No the noise level and PRT the 
power we obtain with the Ray Tracing (RT) tool. 

C.2 LTE SINR 

In LTE OFDM is used and for that reason the codes inside one cell are completely 
orthogonal and there is no intracell interference. The downlink LTE SINR can be defined 
as in equation (20): 

 �KL� �	 ��Kb���Q � L� (20) 

Where PR is the received power,	Iinter the interference from the neighbour cells and No the 
noise level. 
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D.1 Ray Tracing basis 

When the Ray Tracing (RT) ray does not have interactions with any wall or corner during 
its trajectory (pure line-of-sight) it propagates as in a free space scenario. The received 
power follows the Friis equation [15] as shown in equation (21): 

 �� � ���� 5 �4�V7
� �� (21) 

Where GT is the transmitter antenna gain, GR the receiver antenna gain, λ is the 
wavelength of the transmitted signal, d the distance between receiver and transmitter and PT the transmit power.  

When the RT ray interacts with buildings or vegetation it will not behave as previously 
mentioned. Its propagation will depend on the interactions that can be reflections, 
refractions or diffractions. 

D.1.1 Reflection and refraction 

When a wave interacts with a wall with an angle θi it generates a reflected wave with an 
angle θr that will be propagated in the same medium. Also a refracted wave that will go 
through the wall is generated. This situation can be seen in Figure 88: 

 

Figure 88 – Reflection and refraction of a wave 

In this interaction two reflection coefficients are generated; the horizontal Fresnel 
coefficient shown in equation (22) and the vertical Fresnel coefficient shown in equation 
(23): 

 Г� �	fDZ� 4 ��QR 4 BMf��fDZ� � ��QR 4 BMf�� (22) 

 Г� �	�QR X fDZ� 4 ��QR 4 BMf���QR X fDZ� � ��QR 4 BMf�� (23) 

Where ψ	 is the complement of the incidence angle θi	 and εrc is the relative complex 
permittivity defined as in (24) [15]: 
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 �QR � �Q 4 ^60¡� (24) 

Where εr is the relative dielectric constant of the surface, σ the conductivity of the surface 
and λ is the wavelength of the transmitted signal. 

There are two types of reflections: 

• Specular reflection: It occurs in smooth surfaces. 

• Diffuse scattering: It occurs when the surface is rough. 

D.1.2 Diffraction 

Another type of interaction happens when a wave interacts with a certain angle of 
incidence θi with the wedge of a building or a rooftop. From that interaction the wave will 
be diffracted in all directions, one of these waves with a certain diffracted angle θd will 
arrive to the receiver. This interaction can be seen in Figure 89: 

 

Figure 89 – Diffraction of a wave 

D.2 Ray tracing tool: AWE Winprop 

AWE Winprop RT tool performs the study in two steps: 

• Pre-processing step: 

First, all the interaction relations are calculated within the map without placing any 
transmitter. For that purpose the map is divided in three types of elements; tiles (edges 
of corners), segments (flat portions of the buildings) and pixels (flat receiving portions 
of the ground). This distribution can be seen in Figure 90: 

 

 

Figure 90 – Segmentation of a map with AWE Winprop 
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With this segmentation all the relations are calculated and an output file for the next 
step is generated. 

• Processing step: 

In this step the transmitter and the receiver points are placed. With all the visibility 
relations calculated it only remains to generate all the paths that the rays can follow 
from the transmitter to the receiver. 

After following these two steps we will obtain the desired RT information.  

Different parameters can be changed in the simulations. Decreasing them will allow us to 
obtain more accurate results but it will also imply more computational time so a 
compromise is needed. These parameters are:  

• Tile, segment and pixel size. 

• Number of interactions. 

• Number of rays. 

• Material properties. 

• Spheric zone; only visibility relations inside that area are taken into account. 

D.2.1 Output information 

AWE Winprop tool generates an output file that can be post-processed with other tools as 
Matlab. In these output files there are information about angle of departure, angle of 
arrival, power and delay spread. For this project only the information regarding the 
received power will be for interest. 
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With the tool AWE Winprop there is a problem with the granularity of the antenna 
pattern. If we take a route that starts near to an eNodeB and goes straight away from it 
this problem can be seen. The received power that the UE should receive will have just to 
be attenuated with the distance due to the pathloss. Using AWE Winprop in the received 
power along the route it can also be seen the effect of the antenna granularity. This is 
shown in Figure 91: 

 

Figure 91 – Effect of the antenna granularity of AWE Winprop in the received power 

If we take a deep look into the antenna pattern, shown in Figure 92, we will see that it has 
certain granularity. The minimum step allowed is one degree and the rest of the points are 
interpolated.  

This granularity problem is even worst when the antennas are tilted. In the vertical plane 
the change of one degree can lead to a big impact on the antenna gain transmitted and the 
simulated received power with AWE Winprop will have bigger steps in it. 

 

Figure 92 – Granularity of the antenna pattern in AWE Winprop 


