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1. Introduction 

1.1 Background and Motivation  

Cellular systems have seen massive growth in mobile data usage for the last 
few decades. There has been a rapid increase in mobile data usage over recent 
years (over 400 million fold from 2000-2015 [1]) that is anticipated to go up by 
almost 6-fold from 2017-2022 approaching 77 Exabytes per month in 2022 [2]. 
To satisfy these high data traffic demands, the ultra-cell-densification approach 
is introduced for current and future cellular networks. Small cells are, techni-
cally, a way to cope with high data demands. This approach improves the spec-
tral efficiency of the cellular networks by squeezing the coverage area of base 
stations (BSs), thus reducing the number of UEs served by each BS and improv-
ing the frequency reuse. However, the ultra-densification approach increases 
the handover (HO) rate especially for moderate-to-high mobility UEs, i.e. the 
successive change of the handling BS for a moving user. In short, this approach 
increases the capacity of the network but at the cost of increased HO rates, 
higher signaling overheads, and power consumption caused by the HO proce-
dure. The signaling overheads interrupt the data flow and thus reduce the 
throughput of the UEs [3]. High signaling traffic leads towards high power con-
sumption which needs to be examined carefully. Furthermore, failure in the sig-
naling system increases the outages and system latency resulting in potential 
loss of the operator’s revenues.  

In addition to supporting high data rates, future cellular networks should pro-
vide a reliable HO mechanism to improve the perceived quality of experience 
(QoE) for the end-user. The majority of current research works are focused on 
improving the capacity and throughput in small cell deployments, with fewer 
studies devoted to HO management. However, the challenge remains the build-
ing of reliable HO schemes which provide high data rates for moderate-to-high 
speed users in urban environments.   

Another challenge for mobile operators is to provide energy-efficient network 
designs to support a large number of UEs and their high data traffic. The tele-
communications industry is responsible for 0.4% of worldwide CO2 emissions 
and data traffic is expected to increase ten times every five years, which will re-
sult in a 20 percent increase in energy consumption [4][5][6]. This directly im-
pacts the environment through a significant contribution to global warming. A 
novel HO solution to reduce the HO rates and signaling overheads is a step for-
ward to diminish energy consumption which has a direct impact on the opera-
tional expenditure (OPEX) of the operator and associated CO2 emissions. 
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The above-mentioned HO challenges become more exacerbated for advanced 
mobility deployments such as on-demand Mobile Small Cells (MSCs) for further 
densification and energy off-loading. An on-demand MSC is a low power node 
providing small cell coverage when and where needed. In such deployments, 
MSCs can be implemented by Mobile Relay Nodes (MRNs) or by individual UEs 
via Device-to-Device (D2D) communication in order to provide network cover-
age on the move. MRNs can be roof-mounted on vehicles and trains to provide 
an MSC servicing on-board UEs while avoiding the associated HO overhead via 
group mobility. A future MSC vision in [7] shows that MSC based complex mo-
bility scenarios essentially require robust signaling, and power-efficient HO 
schemes that should provide high data rates without interruptions. 

1.1.1 Problem Formulation 

The design of future ultra-dense networks implies a denser deployment of radio 
access infrastructure creating a larger number of smaller covering areas. As a 
result, mobility procedures will be invoked more often for mobile users moving 
across these smaller cells. In such dense radio access environments, the mobility 
requirements are becoming more challenging in terms of limiting the signaling 
overheads and power consumption in conjunction with improved robustness 
against HO failures (HOFs). In the 3rd Generation Partnership Project (3GPP) 
current cellular networks, i.e. Long Term Evolution (LTE) and New Radio (NR), 
downlink (DL) HO schemes (henceforth DL-HO), are used in which the serving 
and neighboring BSs transmit DL reference signals (RSs) so that UEs can meas-
ure and report back such measurements to the network. As we will discuss in 
this thesis, for future ultra-dense networks, the DL-HO is problematic in terms 
of HO performance, signaling overhead and energy consumption. In deploy-
ment scenarios where the serving BSs rapidly vary, e.g. in ultra-dense cellular 
networks or on-demand MSCs, reducing the measurement of DL RSs and other 
HO-related signaling has a great potential for improving the user’s device bat-
tery lifetime.  

In addition, the MSCs implemented through MRNs can still fail to HO to a 
new donor BS (DBS1) when moving at moderate-to-high speeds. Consequently, 
the connection of on-board UEs with the MRN will be lost, resulting in a bad 
user experience and high HO rates for the on-board UEs. This poses strict reli-
ability requirements on the backhaul link to avoid becoming a single point of 
failure (SPoF) for the handover of multiple UEs. 

Among the various problems arising in such DL-HO schemes, this thesis is 
concerned with the following three problems, namely P1, P2, and P3, along with 
the corresponding sub-problems: 

P1) To identify the main DL-HO drawbacks and pitfalls, i.e. the main 
causes of DL-HOFs, the highest contributor to signaling overhead and 
power consumption. 
 

The problem P1 can be further divided into the following five sub-problems:  

 
1 An MRN wirelessly connects to a serving BS called a DBS. 



 

18 

P1.1) What are the DL-HO challenges? 
P1.2) What are the main causes of DL-HO failures? 
P1.3) What are the major contributors to air-interface signaling overhead and 

associated transmitted power consumption due to HO signaling? 
P1.4) What are the major contributors to received power consumption due to 

HO signaling?  
P1.5) How to analyze the DL-HO performance in the presence of MSCs (im-

plemented through MRNs) and what are the main causes of MRN HOF towards 
the DBSs? 

 
P2) How to improve the existing DL-HO scheme by reducing HOF and sig-

naling overheads? 
 

P3) How to improve the HO procedure in MSC deployments implemented 
through MRNs, in terms of HO reliability (reduced HOFs) and energy 
efficiency?  

 
In turn, problem P3 consists of one sub-problem: 

 
P3.1) What is the impact of the on-board UEs cluster size on the HO perfor-

mance and the associated power consumption?  
 
To find the solution to the above-mentioned problems, we adopt system-level 

simulations which is deemed a good option, being well suited to the nature of 
the problem of this thesis.  

1.2 Objective and Contribution of the Dissertation  

Motivated by the importance of a reliable HO scheme for both stationary and 
MSCs deployment in fulfilling the future cellular network challenges, this thesis 
provides an uplink reference signal (UL RS) based mobility solution (termed 
UL-HO) that will improve HO and power-saving performance through the re-
duction of HO signaling overhead. 

The main objective of this dissertation is to analyze and improve the HO per-
formance in the current and future cellular networks, such as 4G, 5G, and B5G. 
This dissertation addresses a new HO solution and enhancements for achieving 
better mobility support in cellular systems. With the focus discussed in the last 
section, the goal of this dissertation is to provide solutions to the aforemen-
tioned problems and sub-problems with the adopted UL-HO scheme. A 
MATLAB based system-level simulator is used for performance evaluation. The 
main contributions of the dissertation, addressing the problems stated above, 
are summarized hereafter. Each contribution is supported by a specific publica-
tion, conveniently numbered using Roman numerals. 
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P1.C1) A brief literature survey is conducted for LTE and NR mobility man-
agement schemes to identify the DL-HO challenges, enhancing tech-
niques, and key points for formulating an efficient HO scheme. This 
contribution is presented in Publication I and Chapter 2. 

P1.C2) The main causes of DL-HOFs are identified through system-level sim-
ulations. It is observed that the measurement report transmission er-
rors are the highest among others for both low (i.e. small cells) and 
high inter-site distances (ISDs). This contribution is linked to Publica-
tion II, Chapter 3, Section 3.4.1, and for ultra-small cell deployment 
see Publication III. 

P1.C3) The system-level simulations are utilized to identify the main contrib-
utor to the air-interface signaling overhead. It is found that the meas-
urement report transmission signaling has the highest contribution 
over the air-interface among other signaling transmissions. A trans-
mitted power consumption model for both the UE and BS is derived to 
identify the main power consuming signaling message during trans-
mission. This contribution is covered in Publication IV, and Chapter 3, 
Section 3.4.2, and Section 3.4.3. 

P1.C4) Complementing P1.C3, a receiver power consumption model is devel-
oped to determine the power consumption due to the reception of HO 
signaling. It is observed that the major contributor to receiver power 
consumption is the reception of the measurement report by the BS. 
This contribution is presented in Publication V, and Chapter 3, Section 
3.4.4. 

P1.C5) The DL-HO performance in the presence of an MRN is analyzed using 
the system-level simulator to identify the main causes of MRN HOF 
towards the DBSs. This contribution is covered in Publication VI and 
Chapter 3, Section 3.4.5. 
 

P2.C1) An UL RS-based HO (coined as UL-HO) solution is utilized to cope 
with the problem of high Measurement Report signaling. Using the UL-
HO method, no measurement report transmission is required during 
the HO procedure and this feature eliminates the largest contributor to 
HOFs in Publications Publication II and Publication III, the major con-
tributor to air-interface signaling in Publication IV and highest con-
tributor to receiver power consumption in Publication V. The power 
consumption of DL-HO and UL-HO schemes is compared to quantify 
the potential benefits of the proposed technique. This contribution is 
linked to Publication VII and Chapter 4. 

 
P3.C1) The impact of varying MRN on-board UEs cluster size on the UL-HO 

performance and the associated power consumption is analyzed using 
a system-level simulator. This contribution is enclosed in Publication 
VIII and Chapter 5, Section 5.2.1. 

P3.C2) The proposed UL-HO solution is applied to MSCs implemented using 
MRNs to cope with the problem of MSCs HOF to a DBS, to reduce the 
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SPoF cases and provide uninterrupted services to on-board UEs. Also, 
the impact of varying UL-HO parameters (namely UL RS periodicity, 
and UL time-to-trigger) on the associated power consumption is stud-
ied. This contribution is covered in Publication IX and Chapter 5, Sec-
tion 5.2.2, Section 5.2.3, Section 5.2.4, and Section 5.2.5. 

1.3 Structure of the Thesis 

This dissertation is organized as follows. In Chapter 2, a brief literature survey 
of HO management techniques for LTE and NR are presented. In Chapter 3, the 
performance of legacy DL-HO methods in terms of signaling cost and energy 
efficiency is described. The concepts of the DL-HO procedure, system model, 
and power consumption model implemented for the simulations are presented. 
Chapter 4 presents the proposed UL RS-based energy-efficient HO procedure. 
The concepts of the relevant UL-HO procedure, system model and UL RS model 
implemented for the simulations are described. The performance of the UL-HO 
procedure is compared with the legacy DL-HO procedure in terms of signaling 
and power consumption costs. Chapter 5 extends the discussion to show how 
the UL-HO scheme can be applied to implement MSCs through MRNs. This 
Chapter also evaluates the impact of MRN-assisted user clustering. Finally, 
Chapter 6 summarizes the outcomes of this thesis and provides future research 
directions towards 6G. 

1.4 Summary of the Publications 

A brief overview of the original publications Publication I to Publication IX is 
given next. 

In Publication I, a survey on HO management in cellular networks, with spe-
cial emphasis on LTE and NR deployments is presented. Some general concepts 
of radio access mobility in cellular networks are expressed to highlight the chal-
lenges and current research focuses in these areas. In addition, an overview of 
HO management in LTE and NR is presented to highlight the main differences. 
A brief analysis of the HO techniques available in the literature for CON-
NECTED_MODE mobility shows the benefits and drawbacks of each scheme. 
HO management challenges and enhancing techniques, key points for formu-
lating an efficient HO scheme and future research directions are also described. 

In Publication II, the impact of varying cell size and user speed on the DL-HO 
procedure is addressed. System-level simulations are provided using a 
MATLAB-based network simulator accounting for multiple points-of-failure 
and channel modeling compliant with LTE standards. The results show that the 
measurement report transmission errors are the highest among others for both 
low and high ISDs. 

In Publication III, the performance of an LTE ultra-small cell network deploy-
ment is studied by taking into account the user mobility. The analysis exhibits 
that the measurement report transmission errors are the highest among others 
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for ultra-small cell deployments. This study is beneficial to realize the problem 
of HO in a standalone network deployment constituted only by small cells. 

In Publication IV, the signaling overhead and the average supply power con-
sumption that results from the transmission of HO-related signaling over the 
air-interface is studied to identify which part of the HO procedure is more 
power-consuming. A breakdown of the different signaling transmission contri-
butions is provided, studying the impact of user speed, cell densification and 
HO parameter selection. The results show that the measurement report trans-
mission signaling has the largest contribution over the air-interface among 
other signaling. 

In Publication V, the average supply power consumption that results from the 
reception of HO-related signaling messages over the air-interface is studied for 
LTE, to identify those individual processes of the HO procedure that are more 
power-consuming. The simulation analysis reveals that the highest contributor 
to the receiver power consumption is the reception of the measurement report 
by the BS.  

In Publication VI, an analysis of the DL-HO performance in the presence of 
an MRN and the associated power consumption is studied based on a scenario 
where a group of users is traveling on a bus. The bus moves along the cell edges 
of the macro BSs at speeds pertinent to those of an urban city environment. The 
causes of MRN HOFs towards the DBSs are identified. The analysis indicates 
that the dominant MRN SPoF cases are due to radio link control (RLC) HO con-
firmation transmission errors. 

In Publication VII, the power consumption associated with DL-HO signaling 
in 3GPP cellular networks (i.e. LTE/NR) is investigated to define a power-effi-
cient HO scheme for future releases of 3GPP. A detailed mathematical model of 
transmitted and received power consumption for HO signaling is presented. 
Based on the model, transmitted and received power consumption values due 
to signaling overheads during DL-HO are obtained. It is found that Measure-
ment Report transmission is the major contributor to air-interface signaling. An 
energy-efficient UL RS-based solution to cope with the problem of high signal-
ing overhead and power consumption due to Measurement Report signaling is 
presented. The simulation evaluation reveals that the proposed UL-HO method 
is power efficient at both UE and BS side by an almost one-third reduction in 
power consumption in comparison to legacy DL-HO.  

In Publication VIII, the power consumption associated with HO signaling is 
investigated in a network with mobile relays (MRs) roof-mounted on buses, to 
study UE clustering aspects. The impact of varying the on-board UEs cluster 
size on the UL-HO performance and the associated power consumption is ana-
lyzed. The simulation evaluation shows that the MRs-based group HO solution 
is more beneficial when the number of UEs belonging to the bus is higher (i.e. 
12 UEs or more per bus). 

In Publication IX, the HO performance of 3GPP cellular networks (i.e. 
LTE/NR) in the presence of an MRN and the associated power consumption is 
presented in a scenario where a group of users is traveling on a bus along a fixed-
trajectory. The UL-HO method is extended for MRNs to provide a solution to 



 

22 

the problem of MRN HOF to a DBS and provide uninterrupted services to on-
board UEs. UL reference signals (RS) used for UL-HO are implemented through 
existing Sounding Reference Signals (SRS) in LTE/NR. The simulation analysis 
is performed to find the optimum SRS periodicity values as a function of 
UE/MRN speed, and the impact of varying UL-HO parameters (namely UL RS 
periodicity and UL-time-to-trigger) on the power consumption. The analysis 
shows that the UL-HO method can significantly reduce the SPoF cases of the 
MRNs. 
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2. Related Work on Handover Man-
agement: From LTE to NR 

This section provides a brief overview of the related work on radio access mo-
bility in LTE and NR. A detailed literature survey is covered in Publication I. 

 

2.1 Introduction 

The trends of HO design published in 1996 [8] recognized that the demand for 
increased capacity, leading to smaller cell sizes, would increase the number of 
HOs. The first generation (1G) HO procedure was tested in 1978 [9] with a cell 
size of tens of kilometres. It was a UE-assisted HO procedure in which the meas-
urements are reported by the UE followed by network decision-making. The de-
creasing cell size in 2G networks increased the HO issues. To overcome 2G HO 
challenges, distributed HO decision-making was used [10] which had a high sig-
naling overhead cost during HO. Also, in the decision-making phase, a hystere-
sis value was added to address the high ping-pong problem. In 3G code-division 
multiple access (CDMA) networks, soft HO algorithms were used [11] that fol-
lowed the make-before-break idea to improve the link gains but at the cost of 
high interference to other users [12]. In the make-before-break HO, the UE is 
able to be simultaneously connected to two BSs for a while, thus minimizing and 
practically eliminating any interruption time during the communication. The 
CDMA networks operate on a single frequency, allowing two BSs to communi-
cate with the user simultaneously, with some signal combination at the receiver 
end. The 4G and 5G technologies have a larger number of small BSs (in com-
parison to 1G, 2G, and 3G) to cover the same geographical area that leads to 
small HO areas and no time for extensive HO signaling. Such limitations de-
mand simplified and efficient signaling HO procedures for future ultra-dense 
networks. 

We now define the HO performance metrics to understand the prior art. The 
HO rate (HOR) is defined as the total number of triggered HO events divided by 
the simulation time. An HO event is defined as the initiation of the HO proce-
dure upon fulfilling a so-called entry condition (i.e. A3 offset and time-to-trigger 
(TTT) conditions successfully completed). The HOR is measured in HO 
events/s. The HOF ratio (HOFR), measured in %, is defined as the total number 
of HO failure events divided by the total number of triggered HO events, i.e. the 
percentage of those HOs which for one reason or another experienced problems 
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and could not be completed seamlessly. Finally, the ping pong rate (PPR) is de-
fined as the number of ping pong events during a given period of time. In turn, 
we define a ping pong event as the occurrence of an HO between a serving BS 
and a target BS, followed by another HO to the original serving BS, all this hap-
pening under a predefined time. The details of the DL-HO procedure for 
LTE/NR can be seen in Section 3.1 and the UL-HO procedure in Section 4.1.  

2.2 Handover Management in LTE 

When addressing HO in LTE, existing works are usually divided into targeting 
the reduction of radio link failure (RLF) [13], reduction of ping-pong rate (PPR) 
[14], or a combination of both [15][16][17], the reduction of HO rate (HOR) 
[18][19][20], reduction of HO failures (HOFs) [18][21][22], and to assess en-
ergy-saving [15]. 
In [13], HO optimization parameters (i.e. time-to-trigger (TTT) and offset) are 
adjusted through the proposed distributed mobility robustness optimization al-
gorithm to minimize the HOFs. In [14], the proposed solution can reduce the 
PPR by selecting a target BS based on orientation match, received signal 
strength, and current load. A reduced early HO scheme in [15], a fuzzy multiple 
criteria cell selection scheme in [16], and an HO detection with reinforcement 
learning concept in [17] reduce both the RLFs and PPR. A distance-based HO 
scheme in [18] minimizes the HOFs and unnecessary HOs. In [19], a reactive 
HO technique postpones the HO until the most probable location of a UE arrives 
thus reducing the HOR. In [20], the HOR is reduced by proposing HO from 
macro to femtocell only when the available data volume of the femto is larger 
than the macro cell and the time user stay in the femtocell is greater than a cer-
tain threshold. In [21], radio link proactive HO was proposed for UEs with poor 
radio link conditions in which the HO optimization parameters are reduced to 
trigger the HO early. For other UEs with good radio link conditions, early HO 
preparation reduces the HOFs and the HO execution was triggered only when 
the HO is needed, to avoid high PPR. Ericsson has published a study on HO [22] 
that shows that HOF rate increases with UE speed, i.e. at UE speed 250 km/h, 
97% of HOFs are associated with MeasReport. The works in [15] utilized the 
reduced early HO scheme to achieve high energy efficiencies.  

When addressing HO in LTE heterogeneous networks (HetNets), existing 
works are usually divided into the following: the HOR reduction [23], joint re-
duction of PPs and HOFs [24], joint reduction of HOR, HOFs and PPs [25], as-
sessing the energy-saving [26][27][28], load balancing [29][30],  improving 
user capacity or QoE [31][32][33][34][35][36], reducing the HO signaling [37], 
and user mobility state estimation for the HO decision [38][39]. 

An SINR-based HOR analysis is presented in [23] to show the effect of inter-
ference on the HO procedure. The results show a clear effect of interference on 
the HO procedure as the SINR-based HO has an HOR which is a “gap” lower 
than the SINR-free case. In [24], the mobility-based inter-cell-interference-co-
ordination (MB-ICIC) technique reduces both PPs and HOF rates using a com-
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bination of HO parameter optimization along with enhanced ICIC. A joint re-
duction of HOR, HOFs and PPs is achieved using the fuzzy-logic-based scheme 
[25] in which the user speed and radio channel quality are used to choose a hys-
teresis margin for the HO decision. The techniques in [26][27][28] reduce en-
ergy consumption in the LTE HetNets scenario. In [26], the macrocell power-
off approach is found to be suitable for low-speed users and high small-cell den-
sities in HetNets scenarios to save energy. The work in [27] used a constrained 
Markov decision process to propose the HO in overlapping areas of the cells only 
if the expected energy saving through the HO is greater than the energy loss at 
the BS during the HO execution phase to avoid frequent HOs. The work in [28] 
suitably chooses the HO hysteresis margin to reduce energy consumption and 
interference at the cost of increased HO execution events. The works in [29][30] 
propose load balancing techniques. The work in [29] used a centralized self-or-
ganizing network to continuously estimate the load status of the cells and decide 
an HO from a heavily loaded cell to the nearest neighboring cells. In [30], a ran-
domized RRM model is used for the macro to Femto offloading in case of con-
gestion with twenty times higher data rates for the Femto BSs authorized users, 
compared to non-authorized users. The works in [31][32][33][34][35][36] im-
prove the user capacity or QoE. In [31], the context-aware Markov-based HO 
model is used to characterize the performance of the mobile user as a function 
of the neighboring cell power profile, traffic load, and user mobility to improve 
the user capacity. A machine-learning-based HO management scheme is pro-
posed in [32] that learns from the past HO experiences of the user to improve 
the QoE. The algorithm proposed in [33] used the QoS metrics to obtain a utility 
function for each macro and Femto cell to determine the necessity of HO. The 
analytical model in [34] derived closed-form expressions for HO performance 
metrics as a function of BS density, user mobility and TTT that helps to reduce 
the HOR, PPs and HOFs and thus improve the QoE. The work in [35] proposed 
a frequent HO mitigation algorithm that connects the fast-moving users to 
macro BSs and adjusts the HO parameters of PP users to avoid PPs and thus 
improves the QoE. An analytical model in [36] analyzed PP rate and HOFs un-
der varying channel conditions to see the effect of shadowing and fading and 
thus suggest another way to improve the QoE. A control/data separation archi-
tecture proposed in [37] reduced the HO signaling overhead in comparison to 
conventional networks. Finally, the works in [38][39] estimate the user mobility 
state to categorize users into low, medium and high-speed users for an early HO 
decision.  

2.3 Handover Management in NR 

When addressing the HO in 5G, existing works are usually divided into target-
ing the following: the reduction of HOFs [40][41], reduction of HOR 
[3][42][43][44], or a combination of both [45][46], the reduction of PPR and 
RLF [47], the reduction of HO signaling [43][48][49] and to assess the energy 
saving [50]. In [40], the HO optimization parameters are scaled by estimating 
the user mobility state (i.e. low, medium, and high-speed user) to reduce the 
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HOFs. A cashing technique is proposed in [41] that can store the future data 
contents in advance, to use when wireless resources are not sufficient thus im-
proves the user QoE. In [3], an HO skipping technique is introduced to skip a 
few HOs along a high-speed user trajectory considering location-aware, cell-
size-aware and hybrid-HO skipping. An anchor-based multi-connectivity archi-
tecture was proposed in [42] to reduce the HOR. In [43], the distance between 
the small cell and the UE along with the movement angle of the UE is used to 
reduce unnecessary HOs and signaling overhead. In [44], a spatial and temporal 
contextual multi-armed bandit HO procedure for mmWave cellular networks is 
proposed to reduce unnecessary HOs by carefully deciding the next target BS, 
such that the UE connection with the new target BS can last longer. A multi-
armed bandit framework is used to exploit the empirical distribution of the 
user’s post-HO trajectory and line-of-sight blockage. In [45], a trade-off be-
tween unnecessary HOs, and HOFs is found using a time metric and the esti-
mated time-of-stay of the user. In [46], a grey-rational-analysis-based algo-
rithm is proposed to rank the best available target cells for HO to reduce the 
frequent HOs and HOFs. In [47], the HO procedure is modelled with geometric 
elements (Apollonian circles and the straight line) to provide optimum HO pa-
rameters for reducing both the RLFs and PPR. A control and user plane separa-
tion architecture was proposed in [48] to reduce the HO signaling. In [49], a 
prediction-based conditional HO scheme is proposed that uses deep-learning to 
overcome the weaknesses of conditional HO in 5G (i.e. blockages, sudden 
changes in signal reception power). This scheme uses the former blockage in-
formation to predict the best target BS and thus it reduces the HO signaling 
overheads. In [50], based on UE measurements, a direct HO request from the 
UE to target BS is proposed bypassing the role of the source BS for faster HO to 
improve the energy efficiency and HO delay. 

2.4 Handover Management in High-Speed Scenarios  

The future cellular networks are targeted at providing high data rates for users 
moving at very high-speeds (e.g. in high-speed train and highway scenarios) 
with high availability and reliability [51]. The main challenges for high mobility 
scenarios include accurate channel estimation, advanced signal processing, op-
timized network deployments, and effective mobility management [52]. It is dif-
ficult to accurately predict the channel due to the large Doppler spread at high 
speeds. Although many channel models are proposed in literature such as 
[53][54][55] for a high-speed train scenario, more research is still required. New 
coding, diversity techniques, precoding, modulation, and waveforms are re-
quired to overcome the challenges of advanced signal processing in future cel-
lular networks. Furthermore, optimized network deployment also has an im-
portant role (see enhancing video QoE in [56] and adaptive optimization in 
[57]). Finally, out of all the above mentioned challenges, mobility management 
has special importance. Efficient HO algorithms and techniques are required to 
reduce the number of HOs, HOFs, latency, and power consumption to effec-
tively manage high-mobility scenarios. 
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In high-speed scenarios (i.e. train, public and private vehicles, etc.), an MRN 
can be installed in the rooftop to relay the signal between the DBS and the on-
board user [52] and thus reduce the HOR, HOFs, and HO latencies through 
group HO [58][59]. However, at moderate-to-high speeds, the on-board UEs 
can still suffer from frequent HOs due to the MRN failing to HO to a new DBS. 
As a consequence, the MRN connection towards all associated mobile users will 
be lost creating an SPoF for the on-board UEs. Some other techniques are also 
available to overcome the mobility management challenges in high-speed sce-
narios, i.e. deployment optimization with the Radio Remote Unit (RRU) [60], 
overlapping coverage between the neighboring cells [61], multi-connection [52], 
and geo-aided fast HO [62]. 

A mathematical model for an MR HO procedure in a train is described in [63] 
to weigh up the signaling overheads between 3G and 4G networks. Therein, the 
results show that the HO cost, HO delay, and drop calls can be reduced by using 
MRs in the LTE-A network. Furthermore, the work in [64] shows that the MRN 
can notably lower the end-to-end outage probability at moderate-to-high vehic-
ular penetration loss. In addition, the work in [65] exhibits the outage probabil-
ity performance of an MRN in the presence of co-channel interference consid-
ering the effect of path loss and small-scale fading. An adaptive beamforming 
scheme for LTE with dynamic adjustment of the HO optimization parameters 
was proposed in [67] to improve the HO performance of high-speed railways. 
In [68], a moving cell concept is introduced at 60 GHz that utilizes the radio-
over-fiber technique to switch the serving cell in unison with the train and pro-
vide uninterrupted transmission to the users. A passive roadside unit detection-
based proactive HO scheme for vehicular networks is proposed in [69] to in-
crease the HO success rate, reduce the HO overhead, and improve energy effi-
ciency.  

2.5 Uplink Handover Management 

Unlike current DL-HO schemes in both LTE and NR, the network could track 
and locate the mobile user measuring an UL RS [89]. The UE sends the UL RSs 
that are received at the network to decide which BS shall serve a given UE.  The 
UL-HO scheme improves mobility performance through the reduction of HO 
signaling overhead. When users are moving in a group, they can jointly be 
tracked using one UL RS (instead of multiple RSs) potentially minimizing the 
signaling overhead [70].  

In [71], the results show that UL-HO can save UE power consumption by up 
to 63% in comparison to traditional DL-HO. Similarly, in [91] it is found that 
UL-HO provides a high gain in terms of UE power consumption especially for 
“Rural with high-speed UEs” and “high-speed train” scenarios. In [92], the re-
sults show that UL-HO can reduce both the HOFs and UE power consumption.  
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2.6 Discussion and Conclusion 

A brief literature survey on HO management in LTE and NR shows that an HO 
scheme that can optimize all the HO performance metrics (i.e. HOFs, HOR, 
PPR, signaling overhead, and the power consumption) is still missing. Most of 
the research works discussed only the trade-offs between HO performance met-
rics. In addition, a proper solution to the problem of MRN HOF to a DBS (caus-
ing an SPoF to the on-board UEs) has largely been overlooked in the literature. 
Furthermore, UL-HO can reduce the signaling overhead and the UE power con-
sumption as described in [71][91][92] but still further investigations are re-
quired to determine if UL-HO is suitable to improve the other HO performance 
metrics, i.e. HOR, PPR, and BS power consumption.  
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3. Downlink Reference-Signal-Based 
Handover  

 
This section provides an overview of the DL-HO procedure for both the UE 

and MR. A model is formulated to calculate the power consumption due to the 
transmission and reception of air-interface signaling during the HO procedure. 
Furthermore, this section reports on the performance of legacy DL-HO proce-
dure in terms of signaling cost and energy efficiency while at the same time it 
highlights the pitfalls of the legacy DL-HO scheme. Also, this section describes 
the DL-HO issues for MRs. 

3.1 Overview of the Downlink Handover Procedure  

An overview of the DL-HO procedure in 3GPP current cellular networks is 
shown in Figure 1 [72][73]. As per 3GPP technical specification (TS) 36.300 [72] 
and TS 38.300 [73], both LTE and NR are relying on DL measurement-based 
HO schemes. In fact, the legacy DL-HO procedures in both NR and LTE follow 
the same principles with only minor nomenclature differences, see Publication 
I for details. Henceforth, we will use a generic naming convention to refer to 
both NR and LTE use cases. For example, the centralized entity in Figure 1 could 
represent the Access and Mobility Management Function (AMF) in NR or the 
Mobility Management Entity (MME) in LTE. Identically, the user data gateway 
(UDG) in Figure 1 could identify the User Plane Function (UPF) in NR or the 
serving gateway (SGW) in LTE. Lastly, the generic term BS may refer to either 
an NR gNB or an LTE eNB.  

The DL-HO process is divided into four phases: measurements, HO prepara-
tion, HO execution, and HO completion. In the first phase, the UE receives the 
DL RSs transmitted by the serving BS (s-BS) and the nearby BSs to perform the 
signal strength measurements and computes the reference signal received 
power (RSRP). These measurements are processed at the UE side including fil-
tering at layers L1 and L3 as shown in Figure 2. Upon fulfilling an entry condi-
tion, the UE sends a measurement report (MeasReport) to the s-BS. The A3 
event and time to trigger (TTT) are used to check and fulfill the entry condition 
respectively, i.e. if the RSRP of the t-BS is higher than the s-BS plus a hysteresis 
margin (called A3 offset) and this condition is maintained by a time defined by 
TTT [72] (see Figure 2). Upon receiving the MeasReport, the s-BS takes the HO 
decision and sends the HO request to the t-BS in the HO preparation phase (sec-
ond phase). Once the t-BS successfully performs the admission control, the t-
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BS sends the HO request acknowledgment to the s-BS and prepares for HO. 
Subsequently, the s-BS sends the HO command (HOcmd) to the UE (third 
phase). Now, the HO execution starts and the UE starts accessing the t-BS using 
the Random Access Channel (RACH). Upon successful synchronization with the 
t-BS, the UE transmits an HO confirmation (HOconf) message to the t-BS. In 
the fourth, and last, phase, the HO completion phase starts in which the DL path 
is switched toward the t-BS. Finally, the t-BS sends an HO complete message to 
the s-BS then the s-BS releases the allocated resources. 
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Figure 1. Current cellular networks HO procedure (adapted from [72][73]). 

 



 

31 

Fi
lte

re
d 

RS
R

P source cell
target cell

time(a) (b) (c)

A3 offset

TTT

(a) Event A3 
(b) MeasReport trigger
(c)  HO trigger

MeasReport 
Tx.

 

Figure 2. UE measurement processing [26]. 

3.1.1 Downlink Handover Procedure for Mobile Relays  

An MRN is a BS/access point mounted on vehicles (i.e public transport, self-
driving vehicles, and drones etc.). The MRN is wirelessly connected to a DBS 
through the Un radio interface to offer indoor wireless connectivity to on-board 
users. The on-board users are serviced by the MRN via the Uu interface. Specif-
ically, the MRs support both a subset of UE and BS functionalities to connect 
with the DBS. As per the 3GPP, there are four different MR architecture alter-
natives (namely Alt.1 to Alt.4) [74]. The MRN inter-DBS HO process under ar-
chitecture Alt.1 is the same for UE inter-gNB mobility in NR [73] and UE inter-
eNB mobility in LTE [72]. We select the architecture Alt 1 for the simulation 
evaluation as this is more simplified and its latency analysis shows better per-
formance [75]. 

The architecture Alt 1 DL-HO procedure for the MRs is illustrated in Figure 3 
for 3GPP cellular networks [72][73][74]. The HO procedure for the MRN is the 
same as we described in section 3.1 and Figure 1 except an MRN is introduced 
between the UE and the s-BS. The details of the MRN DL-HO procedure can be 
seen in Publication VI and Publication IX. Notably, in the case of the MRN, the 
measurements part can be divided into two phases: the MRN measurement and 
UE measurement. For DL-HO with MRN, we assume that the on-board UEs will 
not perform DL RS measurements from neighboring BSs as the MRN will per-
form the measurements from DBSs on their behalf.  In the case of MRN HOF to 
a DBS, the on-board UEs will perform their individual HO procedure with the 
nearby BSs. The off-board UEs are directly connected to BSs through their in-
dividual HO procedure (see Figure 1). The cell selection method is explained in 
[76] for load balancing of UEs directly connecting to the BS and UEs connecting 
via the MRN.  
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Figure 3. Architecture Alt 1 MRN DL-HO procedure (adapted from [72][73][74]). 

3.2 System Model  

The evaluation of cellular networks is crucial for understanding their perfor-
mance and feasibility in the real world. Different methodologies can be used to 
evaluate their system performance, including: (1) testbeds, (2) measurements 
with real systems and prototypes, (3) analytical analysis, and (4) simulation 
[77]. All these methods have their strengths and weaknesses. However, simula-
tion is a popular technique to estimate the performance of cellular systems on a 
large scale with a highly dynamic environment and properties that are difficult 
to capture using other methods. A system-level simulator offers a controlled en-
vironment to investigate different parameter sets and scenarios with compara-
bly little effort. Thus, a system-level simulator is a powerful method to visualize 
and analyze the behavior of a user and compare different approaches in cellular 
networks.  
For simulation evaluation, a MATLAB-based system-level simulator is used 
with a hexagonal grid of sixteen tri-sectored BSs. The simulator is calibrated 
against a 3GPP calibrated simulator in order to obtain reliable simulation re-
sults (see Appendix A1.6 for details). The cell wrap-around feature is included 
in the simulator to have fair interference conditions across the scenario. A set of 
100 UEs with random directions [0°, 360°] and fixed speed are randomly de-
ployed over the scenario. From the available traffic models at the IP level (see 



 

33 

Appendix A1.1, for details), the “full buffer” traffic model is used herein. The 
initial positions of UEs, mobility patterns, and traffic follow a random distribu-
tion. This random distribution is controlled by a seed value, initialized to a given 
known value at the beginning of each simulation run. When comparing different 
schemes/algorithms, the same initial seed is used and we also ensure that any 
newly introduced random process does not alter the setup. Then, the initial po-
sitions, mobility patterns, and traffic characteristics are the same for each sim-
ulation run. In this sense, the simulation setup is deterministic. Specifically, the 
simulator is based on LTE standards. However, given the same nature of NR 
and LTE DL-HO procedures, the NR simulator will approximately give the same 
outcomes. A detailed description of the HO model and the simulator’s features 
are provided in Publication II and Appendix A1. Herein, the main simulation 
parameters and assumptions are elaborated in Table 1. The carrier frequency is 
set to 2.1 GHz with a system bandwidth of 5 MHz, i.e. 25 resource blocks (RBs) 
and six RBs in each transport block (TB) as per LTE standards. The BS power is 
43 dBm whereas the UE and MRN powers are set to 23 dBm. Each sector of a 
site uses a directional antenna whereas the UEs are using an omnidirectional 
antennas pattern as described in [78]. The channel model is Typical Urban (TU) 
with a six-tap model. The information from the channel response vector is ex-
tracted for each link and tap and multiplied by the power value of the tap and, 
using the delay values of the tap, we calculate the frequency response from each 
of the active links. To generate the shadow fading of the different UEs that have 
a specific correlation in the area, a correlated log-normal map is generated with 
a mean of 0 dB and a standard deviation of 8 dB. The distance-dependent path 
loss models used in the simulator are described in [78]. To detect a radio link 
failure (RLF), timer T310 is set to 1 second with in-sync counter N311 set to 1, 
out-of-sync counter N310 set to 1, in-sync threshold Qin to -4.8 dB and out-of-
sync threshold Qout to -7.2 dB [79][80].  Radio link monitoring enables the UE 
to determine whether it is in-sync or out-of-sync with respect to its s-BS. On 
getting N310 consecutive out-of-sync events, the UE starts the RLF timer T310 
as shown in Figure 4. The timer stops when N311 indications are reported (case 
2 in Figure 4). If T310 expires, RLF occurs and the UE turns off its transmission 
to avoid interference and tries to re-establish a connection within a UE connec-
tion re-establishment delay (case 1 in Figure 4). The different inter-site dis-
tances (ISDs), UE and MRN speeds, and various HO triggering parameters (i.e. 
TTT and A3 offset) are simulated to find an optimum performance case for the 
DL-HO procedure. The simulation results are averaged over time (see Section 
3.4.1 for details). We fix the simulation time to 60 seconds for both the DL-HO 
and UL-HO for a fair comparison. The simulation time of 60 seconds was taken 
“by inspection” after noting that, with 120 seconds simulations, the changes in 
the results were barely noticeable. 

3.2.1 Considered Cellular Deployments for Mobile Relays 

In this sub-section, two different simulation scenarios for MRN deployment 
are presented that we will use in this Chapter and Chapter 5. 
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Table 1. Simulation parameters and assumptions 

 
Feature  Implementation 

Network topology A hexagonal grid of 16x3=48 cells  (wrap-around included) 
Inter-site distance From the set {125, 250, 375, 500, 625, 750, 1000, 1250} m 
System Bandwidth =5 MHz (paired FDD), with = = 25 RBs  at carrier 

frequency =2.1GHz, 1TB=6 RBs, = = ⌊25/6⌋ 
BS DL power ( ) 43 dBm 
UE and MRN Power = =23 dBm 
Antenna patterns 3D model specified in [78], Table A.2.1.1.2-2 
Channel model 6 tap model, Typical Urban (TU) 
Shadowing Log-normal Shadowing Mean 0 dB, Standard deviation: 8dB  
Propagation model =  130.5 + 37.6 log ( ) ,  in km 

=  140.7 + 36.7 log ( )   in km, MRN [78] 
UE speed {3, 30, 60, 90,120} km/h 
RLF detection by L1 of 
UE 

T310=1s, N310=1, N311=1 as specified in [79] 
Qin=-4.8 dB; Qout=-7.2 dB  as specified in [80] 

HO parameters TTT= {32, 64, 128, 256} ms, A3 offset = {1, 3, 5} dB. 

 

Figure 4. RLF detection. 

Scenario 1 
A hexagonal grid deployment of 16 tri-sectored BSs with a wrap-around feature 
is included in the system-level simulator. A total of 200 UEs are randomly de-
ployed across the scenario. It is assumed that the first 12% of UEs (twenty-four 
UEs) are on board a bus, moving at a constant speed and a specified trajectory. 
The other 88% of UEs (176 UEs) are off-board (randomly placed outside the bus 
over the entire simulation area), following a constant speed and random direc-
tions uniformly distributed between [0°, 360°]. The MRN scenario with an il-
lustration of on-board and off-board UEs is presented in Figure 5. The bus con-
tains an MRN deployed at the roof-top to enhance the radio link quality of the 
on-board UEs and decrease the associated HO signaling overhead through 
group mobility (i.e. only the MRN performs the HO procedure on the behalf of 
the group of on-board UEs). The MRN is connected to a DBS via a wireless back-
haul operating over the same bandwidth as the access link (i.e. in-band wireless 
backhaul is assumed). The on-board UEs receive cellular services from the MRN 
and the off-board UEs are connected directly to the macro BSs. Another as-
sumption is that the bus is moving along a trajectory located at the cell edge of 
the DBSs. The motivation behind this is to reduce the interference of the MRN 
on the DBSs (because the DBSs and MRN share the same access band) and thus 
increase the MRN cell coverage area. Furthermore, the UEs at the cell edge ex-
periencing poor radio link conditions can benefit from the MRN following a tra-
jectory along the DBSs cell edges. The considered simulation scenario is shown 
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in Figure 6 which is used in Publication VI and Publication IX and the main 
simulation assumptions are summarized in Table 1. 
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Figure 5. MRN scenario.  
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Figure 6. The considered simulation Scenario 1, with the bus following a wrap-around trajectory 
over the specified trajectory once it hits the rightmost border (used in Publication VI and 
Publication IX). 
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Scenario 2 
Another MRN deployment scenario considered for the Publication VIII eval-

uation is shown in Figure 7. In this deployment, a total of 100 UEs is randomly 
placed over the scenario. Three buses moving on a specified trajectory (located 
at the cell edge of the DBSs) with a constant speed are placed across the sce-
nario. Each bus contains a set of {12%, 24%, 36%, 48%} on-board UEs resulting 
in a set of {4, 8, 12, 16} UEs on board. The remaining off-board UEs deployed 
outside the buses follow rectilinear motion at a fixed speed and random direc-
tions uniformly distributed between [0°, 360°]. The buses follow a wrap-around 
path over the specified trajectory once hitting the rightmost border of the sim-
ulated area. The remaining assumptions are the same as described in Scenario 
1 and Table 1. 
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Figure 7. The considered simulation Scenario 2, with the buses following a wrap-around path 
over the specified trajectory once hit the rightmost border (used in Publication VIII). 

3.3 Power Consumption Model  

This section presents both the transmitted and received power consumption 
model for the air-interface signaling that occurs during HO to analyze which 
part of the HO procedure is more power-consuming. The power consumption 
model will provide the supplied power to the BS or UE that are necessary to 
either transmit or receive HO signaling messages. 

3.3.1 Transmitted Power Consumption Model 

In the BS, the radio equipment can be largely divided into the Base-Band Unit 
(BBU) and the Remote Radio Unit (RRU). Figure 8 presents a simplified over-
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view of the BS and UE components included in the transmitted power consump-
tion model, where ,  denotes the necessary supply power to produce an out-
put (transmitted) power , where x={BS, UE} to denote the BS and UE respec-
tively. Herein, the contribution of the HO mechanism towards supply power is 

, . 
Specifically, the HO signaling over the air interface in both UE and BS trans-

missions are considered, namely: the HOcmd transmission from the BS side, 
along with the MeasReport, the RACH, and the HOconf transmission from the 
UE side. To derive the power consumption of the above-mentioned signaling 
messages transmissions, first the size of such messages, then the amount of fre-
quency resources (RBs) needed to transmit these messages, and next the output 
transmitted power allocated to these resources are found. Finally, the time du-
ration of these messages (or duty cycle) is used to compute the time-averaged 
supply power consumption.  

In LTE, the smallest time-frequency unit allocated to a user is an RB. For a 
subcarrier spacing of Δ = 15 kHz, an RB has a bandwidth of =180 kHz (i.e. 

=12 subcarriers) and a time duration of one slot, = = 0.5 ms [81]. 
Alternatively, the RB (or slot) duration can be expressed in terms of the number 
of symbols it contains, i.e. = 7, times the symbol length . A resource 
element (RE) is the smallest resource unit consisting of one symbol and one sub-
carrier. According to the available modulation schemes in LTE, the number of 
carried bits in a single RE is ∈ {2,4,6} bits for QPSK, 16-QAM, and 64-QAM 
modulation respectively. A transport block (TB) is the amount of data that the 
upper layer (MAC layer) provides to the PHY layer depending on the modulation 
and coding scheme (MCS) and the cyclic redundancy check (CRC).   

It is worthwhile noting that, because HOs occur mostly at the cell edge where 
the RSRP is low, selecting QPSK as the modulation scheme is suitable for the 
transmission of signaling messages (see Table 2 for details). To transmit the 
MeasReport data bits in one TB, a 1-ms subframe is assumed with 6 RBs and 2 
slots, see Publication VII for details. The modulation and coding scheme (MCS) 
index is also assumed very low (i.e. =0) as a bottleneck slowing down the 
flow of HO messages. The size of each signaling message (in bits) is denoted by 

, with subindex = { , , } reflecting the different HO signaling 
messages. Now, the number of information bits per TB ( = 152 ) is found 
using [82] that include 128 bits of the MeasReport Tx and 24 CRC bits.  

With the above in mind, the required number of TBs for each signaling mes-
sage , , can be obtained by: 

= , with = { , , } , (1)

where ⌈ ⌉ denotes the smallest integer larger than or equal to , and, hence it 
is assumed herein that a signaling message requires an integer number of TBs.  
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Figure 8. A simplified overview of the BS and UE components included in the transmitted power 
model. 

In addition, for the RACH signaling message transmission, since it carries an 
unmodulated preamble sequence, the standard specifications are directly re-
ferred to which provide the value of   [81] (see Table 2). For the case of an 
equal power allocation algorithm, the allocated power per TB at the BS and UE 
can be formulated as: 

= ⁄  , and (2) 

= ⁄ ,  (3) 

where  ( ) is the total number of TBs in the DL (UL) given a system 
bandwidth . 

The allocated transmitted power (in W) per signaling message  is: 
, = ⋅  ,  (4) 

where x={BS, UE} and, accordingly, the appropriate number of DL or UL sig-
naling messages should be reflected in . 

Now, some well-known power consumption models are applied for both the 
BS and UE [83][84][86] in order to obtain the supply power necessary to pro-
duce the required transmitted power for each of the signaling messages. In par-
ticular, the supply power for the BS transmitting signaling , ,

, , can be writ-

ten as: 
,

, = , ⁄ + ⁄ . ( , + ), (5) 

where ,  is the output transmitted power given by (4) and  is the power 
amplifier efficiency. ,  denotes the supply power contribution of the RF 
equipment, which is conveniently scaled by the portion of the utilized resources 
of signaling message . Similarly,  is the basic BBU consumption in W (see 
Table 2). 

Equally, the supply power required for the UE to transmit a signaling message 
, ,

, , is given by:  

,
, = , + ⁄ . ( , + ), (6) 

where, ,  is the output transmitted power given by (4), and where the sup-
ply power contribution to the RF and BB part is also scaled by the portion of 
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utilized resources by signaling .  is the transmitted UE BBU power (see 
Table 2). 

The time-averaged supply power is defined in (7) to capture the time-domain 
system dynamics during transmission and possible retransmissions of signaling 
messages, 

,
, = ,

, ⋅ (Δ Δ⁄ ) , (7) 

where ,
,  (x={BS, UE}) is the “peak” supply power defined in (5)-(6), and 

(Δ Δ⁄ ) represents the duty cycle or percentage of time where the signaling is 
actually transmitted. Assuming that the signaling  has a duration of  seconds 
(refer to Table 2 for details) and that a number of  signaling messages are 
transmitted over a period of Δ  seconds, obtaining Δ = ⋅ . Finally, we can 
rewrite (7) as: 

,
, = ,

, ⋅ ⋅ ( Δ⁄ ) = ,
, ⋅ ⋅  , (8) 

where ≜ ( Δ⁄ ) is defined as the signaling rate which will be obtained 
from system-level simulations. The main numerical parameters used in the sim-
ulations are shown in Table 2. 

Table 2. Power consumption parameters and values 

 
Feature  Values 

Signaling message sizes = 128 bits; = 296 bits; = 96 bits ([85]) 
Carried bits in a TB = 152 bits (with QPSK modulation, = 2, MCS index=0) [82] 
Number of TBs per signaling message = 1 TB; = 1 TB;  = 2 TBs; = 1 TB.  
Power Amplifier efficiency = 0.311 (31.1%) [83] 
RF supply power , = 12.9 W [83] and , = 2.35 W [84]  
BBU power = 29.4  [86], = 0.62  [84], = 0.97. + 8.16 

(mW) [84]  
Signaling transmission times = 1ms; = 1ms; = 1ms; = 1 ms (we use pre-

amble format 0 according to the cell radius used in simulations [87]) 

 

3.3.2 Received Power Consumption Model 

Analogous to Figure 8, Figure 9 shows a simplified overview of the BS and UE 
components included in the received power model, where  is the received 
power. The contribution of the HO mechanism towards the supply power is 

,  that is necessary to retrieve the data. 
The received power (in W) per signaling message  is obtained using the sys-

tem-level simulator according to the following expression:  
, = , . , . |ℎ| +  ,  (9) 

where x={BS, UE} and,  ,  is the total path gain for  UE and  t-BS (in-
cluding distance-dependent attenuation, the angular antenna gain, and shadow 
fading), |ℎ|  is the fast fading contribution and, finally,  is the additive white 
Gaussian noise contribution over the bandwidth of the signaling message . 
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Figure 9. A simplified overview of the BS and UE components included in the received power 
model. 

Now, some well-known power consumption models are applied for both the 
BS and UE, [83][84][86], in order to obtain the received power necessary to 
receive the data for each of the signaling messages. In particular, the supply 
power for the BS signaling  reception, ,

, , can be written as: 

,
, = , ⁄ + ⁄ . ( , + ), (10) 

where ,  is the received power given by (9) and  accounts for the power 
amplifier efficiency. Equally, the supply power for the UE to receive the signal-
ing message , ,

, , is given by:  
 

,
, = , + ⁄ . ( , + ( )), (11) 

where, ,  is the received power given by (9), and where the received power 
contribution to the RF part is also scaled by the portion of utilized resources by 
signaling .  is the received BBU power (see Table 2) where  is the re-
ceived data rate that can be found  as ⋅  . 

Now, the time-averaged supply power can be written as:  
,
, = ,

, ⋅ ⋅ ( Δ⁄ ) = ,
, ⋅ ⋅  . (12) 

 

3.4 Simulation Analysis  

This section provides a simulation evaluation for the DL-HO procedure in terms 
of HO performance metrics, signaling, and power consumption costs to find 
which part of the DL-HO scheme incurs higher signaling and power consump-
tion costs. 

3.4.1 Handover Performance Metrics  

For the simulation evaluation, the considered simulation scenario is presented 
in Section 3.2. Herein, three HO performance metrics have been studied, 
namely: HOR, HOF ratio (HOFR), and ping-pong rate (PPR).  
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Figure 10 shows the HOR against various ISDs and UE speeds. It is clear from 
the graph that increasing the density of BSs (lower ISD, especially below 250m) 
results in an increase of HOR due to the increased number of cell borders that 
is expected. Also, the HOR increases with UE speed. Furthermore, at higher 
ISDs {750, 1000, 1250}m, the HOR increases because of the poor radio link con-
ditions of the UEs located at the cell edge of the BSs.  
Figure 11 presents the HOFR against the ISD for different UE speeds. An in-
crease in HOFR is observed for both low and high ISDs. At low ISDs, the failures 
are due to adverse channel conditions because of excessive interference from 
nearby UEs. Moreover, high UE speeds contribute more to HOFR at low ISDs 
(125m, 250m, and 375m). We can argue that for small cells, higher UE speeds 
will cause moving away from the s-BS which may cause problems during HO. 
For larger cells, 1km and above, an increase in HOFR is again due to channel 
adversity. In this case, the UE speed impact is reversed as compared to the low 
ISD case because higher UE speed helps to escape from the cell border.  

 

Figure 10. Handover Rate (HOs/s) against the ISD for different speed values. 
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Figure 11. Handover Failure Ratio (HOFR) in % against the ISD for different speed values. 

Figure 12 exhibits the HOFR breakdown per type F0 to F7. Overall, the failures 
are mostly concerned with UL transmission errors. For high ISDs, common fail-
ures are due to RLC MeasReport transmission error, RACH failure, and RLC 
HO confirm transmission errors which are due to the poor UL radio conditions 
for UEs close to cell borders in large cells. In particular, at medium to high ISDs, 
higher HO failures are noted for lower speeds, showing that low speed is not 
enough to “escape” from poor radio link condition areas. For small ISDs, F4 
(T310 expiry before HOcmd reception) is very frequent because the UEs that 
transmit the MeasReport eventually move out of the s-BS coverage and thus the 
HO command, sent by the s-BS, cannot reach the UE. Similarly, for large ISDs, 
F5 (RACH failure after T304 expiry) is very frequent because the UEs transmit-
ted power at the cell edge compromises the success of the HO.  

 

Figure 12. Handover Failure Ratio (HOFR) in % against the ISD for different speed values. HO 
failure type breakdown: F0…F7. 
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Figure 13 shows the PPR. Ping-pong events can appear because of the channel 
variability conditions and the consequence of HOFs to nearby BSs, and the sub-
sequent efforts to reconnect the UE to nearby BSs even if not the most adequate 
at that time. As per the graph, both low and high ISDs have a high PPR due to 
channel quality impairments and subsequent HO failures (as already noted in 
Figure 10, Figure 11 and Figure 12).   

 

Figure 13. Ping-pong rate against ISD for different speed values. 

3.4.2 Handover Signaling Rate Analysis 

This sub-section shows the signaling rate analysis during the DL-HO procedure 
for the air-interface signaling: MeasReport, HOcmd, RACH, and HOconf. Sim-
ulations are performed as per the system model presented in Section 3.2 and 
the results are presented for various ISDs and UE speeds. An aggregate signal-
ing rate analysis (i.e. the sum of all considered signaling rate transmissions) is 
shown in Figure 14. The plot exhibits that the signaling rate increases with speed 
especially at low ISDs (i.e. 125m) because of the high HOR, HOFR and PPR we 
noted in Figure 10, Figure 11 and Figure 13, respectively. Thus the highest speed 
experience a high signaling rate owing to successive signaling retransmissions. 
It is also clear from the graph that optimum cell size can be found (i.e. 500 m 
ISD in our case) around which an increase or decrease of the cell size brings the 
performance degradation in terms of signaling cost.  

Figure 15 shows the percentage of the different considered air-interface sig-
naling messages, averaged over all simulated cases considering different ISDs 
and UE speeds. The figure demonstrates that the signaling rate percentage is 
dominated by MeasReport transmission (37%). This is because of the UL trans-
mission errors especially, the RLC MeasReport transmission error, we noted in 
Figure 12, for particular cell sizes. As a result, the MeasReport retransmissions 
degrade the performance in terms of increased signaling rate. 



 

44 

 

Figure 14. Impact of ISD and UE speed on the aggregate signaling rate. 

 

Figure 15. Percentage of signaling rate per type. 

In Publication IV and Publication V, we found that increasing the TTT and offset 
values reduces the aggregate signaling rate significantly but at the cost of in-
creased HOFs. On the contrary, low TTT and offset values have less HOF cases, 
as an early HO trigger prevents changing the radio link conditions [26]. 
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3.4.3 Transmitted Power Consumption Analysis  

In this sub-section, a simulation analysis of the average supply power consump-
tion due to different HO signaling transmission is presented to find the main 
contributor to the transmitted power consumption.  

UE Transmitted Power Consumption 
Figure 16 shows the impact of varying ISD and UE speed on the average supply 
power consumption of the UE using (8), at fixed offset and TTT values. The 
highest UE transmitted power consumption is noted for the lowest ISD case 
then it reduces and, after that, it again starts increasing for high ISDs. This is 
because of high HOR, HOFR due to UL transmission errors and the high PPR 
we noted in Figure 10, Figure 12 and Figure 13, respectively for both low and 
high ISDs. The lowest power consumption is obtained for an optimum ISD case 
of 500m, under the simulated assumptions. This optimum ISD avoids the UL 
impairment issues arising for large ISDs (due to low UE transmitted power at 
the cell border) and small ISDs (due to high interference from nearby UEs). Fur-
thermore, the power consumption increases with speed especially at low ISDs 
due to the high HOR we observed in Figure 10. Figure 17 describes the UE per-
type signaling power consumption breakdown. It is found that the highest con-
tributor to UE transmitted power consumption is the MeasReport transmission 
among other signaling. The MeasReport transmission is thus more detrimental 
to user battery lifetime. 

 

Figure 16. Impact of ISD and UE speed on the average supply power consumption of the UE, for 
offset= 1 dB and TTT= 32ms. 
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Figure 17. Impact of ISD on the average supply power consumption of various UE signaling mes-
sages transmission for speed= 3km/h, offset= 1 dB, and TTT= 32ms. 

BS Transmitted Power Consumption 
Figure 18 demonstrates the BS transmitted average supply power consumption 
due to the transmission of HOcmd signaling using (8). The trend of the graph 
by varying ISD and UE speed is similar to Figure 16 but the BS power consump-
tion is much higher compared to UE power consumption which was expected. 
For an ISD of 500m a doubling of speed results in an approximate increase of 
250 mW in the BS power consumption. The difference of BS power consump-
tion between pedestrians (3km/h) and very high-mobility UEs (120 km/h) is 
highest at the lower end of the cell size interval corresponding to an increase of 
135% and 100 % for an ISD of 250m and 500m respectively.  

3.4.4 Received Power Consumption Analysis  

In this sub-section, a simulation evaluation of the received average supply 
power consumption caused by the reception of different HO signaling messages 
is shown to discover the main contributor among various forms of signaling re-
ception. 

UE Received Power Consumption 
Figure 19 shows the UE received average supply power consumption due to 
HOcmd signaling reception using (12). One trend of the graph shows that the 
smallest simulated cell size requires that the UE received power consumption 
exceeds 400mW, whilst all other schemes consume less than this. With the ex-
ception of the high mobility UEs (120km/h), all other ISD and UE mobility com-
binations lie below 250mW. Another trend exhibits that the UE received power 
consumption (for HOcmd) is higher than the transmitted power consumption 
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(for MeasReport, RACH, and  HOconf), see Figure 16 and Figure 19. This is 
linked to two causes. Firstly, HOcmd requires a double number of TBs in com-
parison to other HO signaling schemes (see Table 2 for details). Secondly, high 
HOcmd delivery failures increase UE received power consumption especially at 
low ISDs which lead to successive signaling retransmissions, see Figure 12. 

 

Figure 18. Impact of ISD and UE speed on the average supply power consumption of the BS, for 
offset= 1 dB and TTT= 32ms. 

 

Figure 19. Impact of ISD and UE speed on the average supply power consumption of the 
UE received signaling messages, for offset= 1 dB and TTT= 32ms. 
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BS Received Power Consumption 
Figure 20 demonstrates the BS received average supply power consumption due 
to MeasReport, RACH, and HOconf signaling reception using (12). The BS re-
ceives the signaling messages transmitted from the UE. The trend of the plot by 
varying ISD and UE speed is similar to Figure 19 but the BS power consumption 
is much higher in comparison to UE power consumption. 

Figure 21 describes the BS per-type signaling power consumption breakdown. 
It is found that the highest contributor to BS received power consumption is the 
MeasReport reception among other signaling. Noteworthy, the results are in 
line with Figure 17 but the power consumption is much higher in comparison to 
Figure 17.  

 

Figure 20. Impact of ISD and UE speed on the average supply power consumption of the BS 
received signaling messages, for offset= 1 dB and TTT= 32ms.  

3.4.5 Power Consumption Analysis of Mobile Relays  

This sub-section provides a simulation evaluation for UE and BS power con-
sumption for simulation Scenario 1 presented in Section 3.2.1 with/without in-
stalling an MRN at the roof-top of a single bus. There are 12% on-board UEs and 
the remaining 88% are off-board UEs. Two speed values are simulated where 
the speed 30 km/h is shown with a “solid line” and speed 60km/h is presented 
with a “dashed line” in the following graphs. The two following case scenarios 
are simulated to have a fair comparison: 

 Case 1: without MRN, i.e. all on-board UEs will perform their individual 
HO procedure with a macro BS.  

 Case 2: with MRN, i.e. only the MRN will perform the HO procedure to 
the DBSs on behalf of the on-board UEs for group mobility. 
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Figure 21. Impact of ISD on the average supply power consumption of various signaling mes-
sages reception at BS for speed= 3km/h, offset= 1 dB, and TTT= 32ms. 

The total power consumption for both transmitted and received signaling at 
the BS or UE is computed using (8) and (12). Figure 22 shows a total UE power 
consumption, and Figure 23 displays the total BS power consumption at fixed 
TTT 64 ms and offset 3dB values. Overall, Case 2 outperforms in terms of power 
consumption due to the benefits of group mobility using the MRN. For Case 1, 
at high ISDs and 30 km/h speed, high power consumption is linked to the high 
PPR for this specific case that we noted in Publication VI. In short, the MRN 
deployment can reduce up to 14% of BS power consumption and 21% of UE 
power consumption for all the simulated cases of Case 2. 
Figure 24 shows the MRN HOFR breakdown per type (F0 to F7) to identify the 
main causes of MRN HOFs to the DBSs. Mainly, the HOFs are linked to UL 
transmission errors i.e. RLC HO confirm transmission error (F7) is the highest 
among others. The RACH failure is common for large cell sizes due to the MRN 
poor UL radio conditions close to the cell borders. In the ISD 500m case, high 
failures are linked to low speed (i.e. 30 km/h) because the low speed of the bus 
is not enough to escape the MRN from the poor condition areas. Such types of 
failures create SPoF for on-board UEs and thus increases the HOR and the ser-
vice interruption time. At a speed of 60 km/h, the ISD 500m is optimum in 
terms of lower SPoFs for the MRN out of the simulated cases. The analysis 
shows that we can further improve the HO performance by reducing the causes 
of MRN HOFs to DBSs. 
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Figure 22. Impact of deploying the MRN on UE total power consumption. 

 

Figure 23. Impact of deploying the MRN on BS total power consumption. 
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Figure 24. Impact of ISD and UE speed on MRN HOF ratio breakdown per type. 

3.5 Discussion and Conclusion 

The DL-HO simulation analysis shows that increasing BS densification directly 
impacts the DL-HO performance in terms of increased HOR, HOFR, and PPR. 
It is observed that the largest contributor to air-interface signaling overhead is 
the MeasReport transmission within the DL-HO procedure that is in line with 
the work presented in [22]. Also, the power consumption of the MeasReport for 
both transmission (from UE) and reception (at BS) is higher than the RACH and 
HOconf signaling. An optimum cell size (ISD=500m out of simulated cases) is 
found around which any increase or decrease of the cell size brings the perfor-
mance degradation in terms of higher signaling and power consumption costs. 
Increasing the TTT and offset values reduces the aggregate signaling rate signif-
icantly but at the cost of increased HOFs, which is in line with the previous 
works considering HO parameter optimization for efficient HO 
[13][21][24][25][26][28][34][35][40][47]. In conclusion, DL-HO is problem-
atic for future ultra-dense networks in terms of HO performance, higher HO sig-
naling, and power consumption. An HO scheme that minimizes the DL RSs 
measurement, and HO-related air-interface signaling messages, especially 
MeasReport, would become more beneficial for future networks in terms of im-
proving the user battery lifetime. 

In addition, the simulation evaluation for the MRN demonstrates that the 
dominant SPoF cases of the MRN are linked to RLC HOconf transmission er-
rors. Therefore, an HO procedure that can reduce the MRN HO signaling over-
heads has a great potential to reduce the HO delays, SPoF cases and provide 
uninterrupted services to on-board UEs. 
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Further investigations could address the implementation of the uplink power 
control feature, increase the number of active UEs per BS, consider the HetNets 
scenario where high-speed UEs are being served by macro BSs and include the 
fundamental “system ON” power to the power consumption model. The uplink 
power control feature has not been used in this work but this feature can further 
reduce the UE/MRN power consumption.     
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4. Energy-Efficient Handover based 
on Uplink Reference Signal 

This section provides an overview of the UL-HO procedure for both LTE and 
NR. Modeling of the UL RSs for HO measurement purposes is discussed. This 
section also provides the performance of UL-HO in terms of HO performance, 
signaling cost, and energy efficiency in comparison to the DL-HO procedure. 

4.1 Overview of Uplink Handover Procedure  

In Chapter 3, we presented that both LTE and NR rely on DL RS measurement 
and subsequent reporting to the s-BS. In this Chapter, we propose an UL RS-
based HO scheme (coined as UL-HO) to overcome the challenges we observed 
in the DL-HO procedure. We extend the applicability of UL RSs, in particular, 
the SRS defined in both LTE and NR (see [81][88]), for handover. The UL RSs 
are already used in current standards (e.g. for channel estimation, link adapta-
tion, and beam management, etc.).  

The UL-HO procedure is shown in Figure 25 in which the s-BS and nearby BSs 
receive the UL RSs transmitted by the UE, allowing the network to compute UL-
RSRP. A central network controller process these measurements as shown in 
Figure 26, to decide which BS shall serve a given UE. If the UL-RSRP of a t-BS 
is higher than the s-BS by an “A3 UL-offset” and this condition is maintained 
during UL-TTT, the controller makes the HO decision and notifies the s-BS with 
the t-BS. Then, the s-BS transmits an HO request to the controller-suggested t-
BS. The rest of the HO procedure remains the same as in LTE and NR starting 
from the HO preparation phase in Figure 1.  

By reusing the UL channel measurements from UL RSs (needed in, e.g., mas-
sive MIMO operation) also for mobility purposes requires no extra signaling 
overhead. Another benefit of using UL measurements for UE mobility is that it 
is possible to improve the network performance by network-side upgrades with-
out UE impact.  The realization of the UL-HO scheme comes with the require-
ment that the time synchronization between the BSs receiving the UL RS should 
be within some specified upper bound. This requirement may already be in 
place to efficiently support other implementations such as TDD operation, joint 
uplink transmission, etc. in small-cell deployments with very short propagation 
times. In addition, in order for a neighboring BSs to be able to detect and meas-
ure the UL RS, it is also required that the configuration parameters (timing, fre-
quency, code, etc.) of such an UL RS, which are set by the s-BS, are also shared 
with neighboring BSs. This can be effectively achieved via existing interfaces 
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(such as, for instance, X2 or S1 in LTE) and would only require some minor 
standard upgrades in defining the information elements to be communicated 
between the BSs. Furthermore, the detection of the UL RS is rather robust since 
it is, by design, a known signal transmission, with known time, frequency and 
code signatures and thus easily detectable and measurable at the neighboring 
BSs. 
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Figure 25. HO procedure based on uplink reference signal (adapted from [72][73][89]). 
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Figure 26. Network controller measurement processing. 

4.2 Uplink Reference Signal Model  

In this thesis, we utilize the SRS as an UL RS for HO measurement purposes 
[81][88]. In LTE and NR, SRSs can be utilized to estimate the UL channel to 
perform accurate link adaptation, maintain uplink synchronization, determine 
the channel quality information in the UL direction and support frequency se-
lective scheduling. Each UE is individually configured with different periodici-
ties, sounding bandwidths, sequence, and hopping patterns to achieve resource 
orthogonality. In addition, the BS configures the periodicity, sounding band-
width, and frequency via higher-layer signaling on a cell-wide basis. 

The considered numerical values for SRS parameters are shown in Table 3. 
The total bandwidth to be sounded (within the system bandwidth) is defined by 
the SRS bandwidth configuration parameter ( ∈ {0,1, … ,7}) and the SRS 
bandwidth parameter ( ∈ {0,1,2,3}) along with the partial sounded band-
width ( , , with = ) at each SRS transmission. The frequency hopping 
pattern followed by different SRS transmissions is defined by a hopping param-
eter ( ∈ {0,1,2,3}) to sound a portion or the entire sounding bandwidth i.e. 
at = , frequency hopping is done over the full sounding bandwidth. 
The subcarriers occupied by an SRS transmission bandwidth are defined by a 
comb parameter , i.e. = 2 assign a comb index = {0,1} for odd and 
even subcarriers to multiplex SRS transmissions over the same bandwidth. 
Zadoff-Chu sequences are allocated to different UEs to provide code-domain 
multiplexing. To guarantee orthogonality in the code domain, a UE-specific se-
quence cyclic shift index ( ∈ {0,1, … 7}) and a cell-specific sequence identi-
fier ( ) are defined in the standards. SRS transmissions are configured with 
SRS periodicities ( ) ranging from 2ms to 320 ms [82]. The SRS Configura-
tion Index ( ∈ {0,1, . .636}) calculates the different SRS periodicities. In this 
Chapter, we will simulate different SRS periodicities to find an optimum SRS 
periodicity value in terms of the lowest power consumption. Figure 27 presents 
the above mentioned SRS parameters for the case of two SRS transmissions.  
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Figure 27. Example of two orthogonal SRS transmissions (SRS1 and SRS2 in the graph) along 
with main SRS design parameters. 

Table 3. SRS parameters and values 

Feature  Values 

SRS periodicity ( ) {5ms, 10ms, 20ms, 40ms, 80ms, 
160ms, 320ms} [82] 

Number of transmission combs (KTC) 2 [81] 
Number of SRS antenna ports ( ) 1 (used for sounding) 
OFDM symbols per SRS resource = 1 
Cyclic shift ( ) {0, 1, 2,……,7} for KTC=2 [81] 
Bandwidth Configuration (CSRS) 7, choices {0, 1, 2, ……,7} [88] 
SRS Bandwidth ( ) = = 1 ( , =12 RBs) 
SRS hopping parameter ( ) 0 (hopping over entire bandwidth) 

[81] 
SRS configuration index (ISRS) = {0,1, 2, … 636}, [82] 

 

4.3 Simulation Analysis 

This section provides the simulation analysis of the UL-HO scheme to quantify 
potential benefits in terms of HO signaling and power costs.  

In Chapter 3, we found that the ISD 500m case is the optimum out of the sim-
ulated cases for DL-HO. Therefore, the following parameters were fixed for UL-
HO, i.e. ISD to 500m, speed to 30 km/h, A3 UL-offset to 1dB and UL-TTT to 32 
ms and varied the SRS periodicity values to find an optimum periodicity that 
reduces the power consumption during the HO to its minimal level.  
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4.3.1 Handover Performance Metrics 

The impact of UL-HO on the HO performance metrics (i.e. HOR, HOFR, PPR) 
is shown in Figure 28 for SRS periodicities ranging from 5 ms to 320 ms. The 
graph shows that the HOR and PPR decrease with increasing periodicity values 
until an optimum SRS periodicity “40 ms” arrives. This way the UL-HO reduces 
the unnecessary HOs and PPs. After “40ms” periodicity cases, HOR and PPR 
start increasing because of the high SRS periodicity values. High periodicity 
means lower SRS transmission/reception rate, i.e. increasing the gap between 
UL-RSRP measurements. All HO signaling will eventually not be properly trans-
mitted/received for this period. It may also happen, that the UE fails to HO to a 
neighboring cell and subsequent efforts to reconnect to the neighboring cells 
even if not the most adequate at that time, resulting in a high PPR and thus to 
high HOR. Notably, The UL-HO reduces the HOFR significantly in comparison 
to DL-HO. This is because no MeasReport transmission is required from the UE 
to BS in the case of UL-HO, thus the HO procedure completes before the UE 
loses its connection to the s-BS.  

 

Figure 28. Comparison of DL and UL HO metrics, at fixed ISD= 500m, speed = 30km/h, DL/UL 
offset= 1 dB and DL/UL TTT= 32ms. 

4.3.2 Transmitted Power Consumption 

This section provides a comparison of DL-HO and UL-HO in terms of power 
consumption due to HO signaling messages transmitted from the UE/BS side.  

UE Transmitted Power Consumption 
In this sub-section, we consider HO-related air-interface signaling messages 

transmitted from the UE side namely, MeasReport Tx, RACH Tx, and HOconf 
Tx. Figure 29 shows the average UE transmitted supply power consumption 
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comparison for UL-HO and DL-HO. The graph exhibits that the UL-HO outper-
forms for all periodicity cases. This is because the UL-HO does not require the 
MeasReport signaling transmission from the UE side. The optimum SRS perio-
dicity case of “40 ms” shows the highest reduction for the UE transmitted power 
consumption, 48% lower than the DL-HO case. After the optimum periodicity 
case, the UL-HO UE transmitted power consumption starts increasing because 
of the high HOR and PPR we noted in Figure 28. 

 

Figure 29. UE transmitted average supply power consumption comparison for DL-HO and UL-
HO, at fixed ISD= 500m, speed = 30km/h, DL/UL offset= 1 dB, and DL/UL TTT= 32ms. 

BS Transmitted Power Consumption 
The average supply BS power consumption resulting from the transmission of 

the HO command is shown in Figure 30. The BS power consumption decreases 
for low SRS periodicity values then it starts increasing at high periodicity values 
because of high HORs due to the high PPR we noted in Figure 28. The UL-HO 
“40 ms” periodicity case shows the lowest BS transmitted power consumption, 
almost 17% lower than the DL-HO. 
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Figure 30. BS transmitted average supply power consumption comparison for DL-HO and UL-
HO, at fixed ISD= 500m, speed = 30km/h, DL/UL offset= 1 dB, and DL/UL TTT= 32ms. 

4.3.3 Received Power Consumption  

This section provides a comparison of DL-HO and UL-HO in terms of power 
consumption due to the reception of signalling messages of the UE/BS. The HO 
signaling messages that are transmitted from the BS side are received at the UE 
and similarly, the messages transmitted from the UE side are received at the BS. 

UE Received Power Consumption 
The average supply UE power consumption resulting from the reception of the 

HO command is presented in Figure 31. The graph follows the same trend as we 
noted in Figure 30 but the UE power consumption is much lower than the BS 
power consumption we noted in Figure 30. The UL-HO “40 ms” periodicity case 
shows the lowest UE received power consumption, almost 27% lower than the 
DL-HO. 

BS Received Power Consumption 
Figure 32 exhibits the BS average supply power consumption due to HO-re-

lated signaling reception for both DL-HO and UL-HO. The plot presents that 
UL-HO outperforms for all periodicity cases, as no measurement report is re-
ceived for this case. The lowest BS power consumption is found for the SRS pe-
riodicity case of “40 ms”, which is practically half (49%) of the DL-HO. 
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Figure 31. UE received average supply power consumption comparison for DL-HO and UL-HO, 
at fixed ISD= 500m, speed = 30km/h, DL/UL offset= 1 dB, and DL/UL TTT= 32ms. 

 

Figure 32. BS received average supply power consumption comparison for DL-HO and UL-HO, 
at fixed ISD= 500m, speed = 30km/h, DL/UL offset= 1 dB, and DL/UL TTT= 32ms. 
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4.3.4 Uplink Reference Signal Power Consumption  

This section provides the power consumption comparison of DL RS and UL RS 
transmission and measurement at the UE/BS side. The details of how we calcu-
late the DL/UL RS transmission and measurement are described in Publication 
VII. The signaling rate for the DL-RSRP and the UL-RSRP measurements are 
obtained using the system-level simulator. The average supply UE power con-
sumption for DL RS measurements in comparison to UL RS transmission power 
consumption is shown in Figure 33. It is to be noted that the UL RSs are trans-
mitted from the UE while the DL RSs are received at the UE. The graph shows 
the DL RS measurement has the highest power consumption because the UE 
has to measure the DL RS from both the s-BS as well as the neighboring BSs. In 
contrast, the UL RS transmission has the lowest UE power consumption as the 
UE only needs to send the SRS that is received at multiple BSs. The UE UL RS 
transmission power consumption practically remains consistent between 5ms 
and 20ms then it starts decreasing for high periodicities due to a lower number 
of UL RS transmissions. The UL-HO consumes almost four times less UE power 
in comparison to the DL-HO for the “40ms” periodicity case. 
The DL RSs are transmitted from the BS side while the UL RS measurements 
are processed at the BS. The average supply BS power consumption for DL RS 
transmission in comparison to UL RS measurement power consumption is 
shown in Figure 34. For low periodicity values {5ms, 10ms, 20ms}, the power 
consumption of UL RS measurement is higher than the DL RS transmission be-
cause of the high number of UL RS receptions at multiple BSs. The UL RS meas-
urement power consumption reduces with increasing periodicities due to fewer 
SRS transmissions. The UL-HO consumes half of the BS power in comparison 
to DL-HO for the “40ms” periodicity case. 

4.3.5 Total Power Consumption  

The total average supply power consumption for each air-interface HO signaling 
message (i.e. the sum of transmitted and received power consumption) is shown 
in Figure 35 where the percentage of power increase or decrease in comparison 
to DL-HO is also shown. The graph exhibits that the total power consumption 
shows a decreasing trend in comparison to DL-HO until a sweet-spot of “40ms” 
periodicity arrives, then it again starts increasing. After the 40ms periodicity 
case, the high power consumption is due to the frequent HOs we noted in Figure 
28. The SRS periodicity case of “40 ms” shows the lowest total average supply 
power consumption, almost 30% lower than the DL-HO.  
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Figure 33. UE reference signal average supply power consumption comparison for DL and UL 
RS-based mobility, at fixed ISD= 500m, speed = 30km/h, DL/UL offset= 1 dB, and DL/UL 
TTT= 32ms. 

 

Figure 34. BS reference signal average supply power consumption comparison for DL and UL 
RS-based mobility, at fixed ISD= 500m, speed = 30km/h, DL/UL offset= 1 dB, and DL/UL 
TTT= 32ms. 
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Figure 35. Total average supply power consumption comparison for DL-HO and UL-HO, at fixed 
ISD= 500m, speed = 30km/h, DL/UL offset= 1 dB, and DL/UL TTT= 32ms. 

4.4 Discussion and Conclusion 

In this Chapter, we found that the UL-HO measurement phase is more energy-
efficient in comparison to DL-HO because no measurement report transmission 
is required, which is in line with the previous works in [70][89]. In the previous 
works [71][91][92], it was found that UL-HO can reduce UE power consumption 
and HOFs. However, our simulation analysis shows that the proposed UL-HO 
can reduce HOR, HOFs, and PPs rate in comparison to DL-HO if the SRS peri-
odicity is carefully chosen (“40 ms” in this simulation scenario). Furthermore, 
the UL-HO reduces the average supply power consumption at both UE and BS 
sides, BS transmitted by 17%, UE transmitted by 48%, BS received 49%, UE re-
ceived 27%, and total power consumption by 30% in comparison to DL-HO, for 
an optimum SRS periodicity case of “40 ms”. We found that the UL RS trans-
mission requires almost four times less power consumption while the UL RS 
measurement requires only half of the power consumption in comparison to 
DL-HO, at the “40 ms” periodicity case. This concludes that UL-HO is power-
efficient at both UE and BS sides and it is beneficial since it reduces OPEX and 
environmental effects. Also, the UL-HO outperforms in comparison to existing 
techniques in literature, i.e. the reactive HO technique in [19] and early HO in-
itiation in [15][21], as it significantly improves the HO performance and reduces 
the signaling overhead and power consumption. The benefits of using the UL-
HO scheme come at the cost of some new requirements. The first requirement 
is that the time synchronization between s-BSs and several t-BSs need to receive 
the UL RS simultaneously. Secondly, the existing interfaces (e.g. X2 or S1 in 
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LTE) require some minor standard upgrades in defining the information ele-
ments to be communicated between the BSs and controller. Lastly, there is a 
need to coordinate UL RS resources between different cells to avoid pilot con-
tamination, i.e. having different UEs sending the UL RS over the same resources 
thus inducing erroneous measurements. 
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5. Uplink Reference Signal based En-
ergy-Efficient Handover for Mobile 
Relays and Mobile Small Cells  

This section extends the discussion on how UL-HO can be applied to implement 
MSCs or MRs. The UL-HO measurement procedure for MRs is briefly de-
scribed. Furthermore, the impact of varying on-board UEs cluster size on the 
UL-HO performance and the associated power consumption is analyzed. Fi-
nally, the performance of UL-HO for MSCs (in the form of MRs) in terms of 
signaling cost and energy efficiency is compared with DL-HO to identify the po-
tential benefits.  

5.1 Uplink Handover Measurement Procedure for Mobile Re-
lays  

The architecture Alt 1 MRN UL-HO measurement procedure is presented in 
Figure 36. The s-DBS and neighboring DBSs receive the UL RSs transmitted by 
the MRN, allowing the network to compute UL-RSRP. A central network con-
troller process these measurements, to decide which DBS shall serve a given 
MRN. If the UL-RSRP of a t-DBS is higher than the s-DBS by an “A3 UL-offset” 
and this condition is maintained during UL-TTT, the controller makes the HO 
decision and notifies the s-DBS with the t-DBS. Upon successful reception of 
the potential t-DBS information at the s-DBS, an HO request is issued from the 
s-DBS to the t-DBS. The rest of the HO procedure is common to both DL-HO 
and UL-HO schemes starting from the HO preparation phase in Figure 3. The 
UL-HO scheme does not require a MeasReport to be transmitted from the MRN 
and received at the DBS in comparison to legacy DL-HO (see Figure 3 and Fig-
ure 36), thus it reduces the power consumption and OPEX. 
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Figure 36. Architecture Alt 1 MRN proposed handover scheme with UL RS-based measurements 
(adapted from [72][73][74][89]). 

5.2 Simulation Analysis 

This section provides the performance of UL-HO for MRNs in terms of HO 
performance, signaling cost, and energy efficiency to compare it with DL-HO. 
This section also analyzes the impact of varying on-board UEs cluster size on 
UL-HO performance and the associated power consumption. 

5.2.1 Mobile Relay Node Assisted User Clustering  

The deployment scenario and the main simulations assumption for this sub-
section are covered in Section 3.2.1, Scenario 2, and Figure 7. This section pro-
vides the impact of varying on-board UEs cluster size on the HO performance 
metrics and the associated power consumption. A set of {12%, 24%, 36%, 48%} 
UEs out of 100 total UEs are traveling on three buses deployed across the sce-
nario and the remaining off-board UEs are moving outside the bus, all over the 
scenario. The four following case scenarios are simulated:   
Case 1: DL-HO without MRN  
Case 2: DL-HO with MRN  
Case 3: UL-HO without MRN  
Case 4: UL-HO with MRN  

 
Figure 37 shows the impact of varying on-board UE cluster size on the total 

average supply power consumption (i.e. addition of both transmitted and re-
ceived power consumption). It is clear from the graph that the DL-HO cases (i.e. 
Case 1 and Case 2) have the power consumption due to MeasReport transmis-
sion/reception while the UL-HO cases (i.e. Case 3 and Case 4) do not require 
the measurement report transmission/ reception, which reduces the overall 
power consumption. The power consumption of HOcmd is higher than other 
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air-interface HO signaling because of the higher number of resources consumed 
(see Table 2 for details). For the low on-board UEs case (i.e. 12% UEs on-board), 
the UL-HO without MRNs (Case 3) provides better power consumption perfor-
mance in comparison to DL-HO with MRNs (Case 2). For example, in the case 
of connected cars, the HO total power consumption can be reduced by only uti-
lizing UL-HO, without deploying MRNs. The UL-HO scheme significantly re-
duces the power consumption in comparison to DL-HO because of the reduced 
number of HORs, HOFRs PPRs, and no requirement for MeasReport transmis-
sion/reception (see Publication VIII for details). Furthermore, increasing the 
on-board UEs cluster size reduces the total power consumption significantly for 
Case 4 in comparison to other cases (an approximate power saving of 780 mW 
in comparison to Case 1, for the 48% UEs on-board case). For example, in the 
case of buses and trains where we have a higher number of on-board UEs, the 
HO total power consumption can be reduced to its minimal level by utilizing the 
UL-HO scheme with MRNs. 

 

Figure 37. Impact of varying the cluster size of on-board UEs on the total average supply power 
consumption. 

5.2.2 Uplink Handover Performance Evaluation for Mobile Relays and 
Group Mobility Scenarios 

In this section, we provide a simulation evaluation of the UL-HO performance 
and the total power consumption in case of group mobility scenarios, with/with-
out installing an MRN, in comparison to DL-HO. The deployment scenario and 
the main simulation assumptions for this and the following sub-section are cov-
ered in Section 3.2.1, Scenario 1, and Figure 6. A set of 24 UEs out of 200 total 
UEs are on board traveling on a bus at a fixed-trajectory and the remaining off-
board UEs are moving outside the bus, all over the scenario. We motivate this 
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from the results we obtain in section 5.2.1 that the MRN is only suitable for a 
higher number of on-board UEs. Two case scenarios of UL-HO and DL-HO are 
simulated to have a fair comparison, DL/UL HO without MRN and DL/UL HO 
with MRN. 

For the simulation evaluation, we assume that the DL-HO and UL-HO A3 
event check occurs at each DL/UL RS periodicity (i.e. /T =
{ 20, 40, 60, 80} ms ) to have a fair comparison. Similarly, we assume that the 
number of samples of measurement updates to trigger the HO are = 3, 
the same number for both DL-HO and UL-HO cases. Also, the TTT is ∗

/  , the ISD is fixed at 500 m, and the A3 offset is fixed at 3dB for both 
the DL-HO and UL-HO cases. In the next sub-sections, we will show the perfor-
mance of DL-HO and UL-HO without MRN in Section 5.2.3, with MRN in Sec-
tion 5.2.4, and all four aforementioned cases with/without MRN total power 
consumption in Section 5.2.5. 
For DL-HO with MRN, we assume that the on-board UEs will not perform DL 
RS measurements from neighboring BSs as the MRN will perform the measure-
ments from DBSs on their behalf. Similarly, for UL-HO with MRN, the on-board 
UEs will not transmit UL RSs to nearby BSs, only the MRN will do this on their 
behalf. In the case of MRN HOF to a DBS, the on-board UEs will perform their 
individual HO procedure with the nearby BSs. The off-board UEs are directly 
connected to BSs through their individual HO procedure for both UL-HO (see  
Figure 25) and DL-HO (see Figure 1) cases. In short, an individual UE HO is 
needed for all off-board UEs and on-board UEs only in case of an MRN HOF to 
a DBS. 

5.2.3 Without Mobile Relay Node 

In this section, two without-MRN cases are simulated namely,  ‘DL-HO w/o 
MRN’ and ‘UL-HO w/o MRN’ for three speeds, {30, 60, 90} km/h, to find the 
benefits of UL-HO as a function of speed. 
 

5.2.3.1 Handover Metrics 
The impact of varying UE speed and DL/UL RS periodicities on the HOR, HOF 
rate, and PPR is shown in Figure 38, Figure 39, and Figure 40, respectively. One 
trend of the graphs shows that the HOR, HOF rate, and PPR increase as the UE 
speed increases for both DL-HO and UL-HO schemes. This is because UEs 
spend less time in the “HO region” as the speed increases and move out of the 
serving cell before the HO procedure completes thus causing more HOFs (see 
Figure 39) which consequently increases the HOR. The second trend shows that 
UL-HO can significantly reduce the HOF rate (see Figure 39). This is because of 
the fact that UL-HO eliminates the MeasReport signaling thus the HO proce-
dure completes before the UE loses its connection with the s-BS, reducing the 
HOFs and consequently the HOR (see Figure 38). The third trend reveals that 
the low periodicities (i.e. 20 ms) have a higher HOR, HOF rate, and PPR. This 
is because of the fact that too many updates in measurements cause many A3 
event evaluations consequently leading to unnecessary handovers and HOFs. 
However, the proposed UL-HO scheme can reduce the HOF rate and PPR (see 
Figure 39, and Figure 40 for details) especially at low periodicities, and conse-
quently the HOR ( see Figure 39). We observe a trade-off between HOFs and 
PPR at higher speeds (i.e. 60 km/h and 90 km/h) and high periodicities that 
reduce the UL-HO gain in terms of HOR (see for Figure 38 details). This trade-
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off is in-line with the works presented in [93][94][95][96][97] that shows re-
ducing the HOFs would increase the PPR. Also, high TTT values at high perio-
dicities keep the UE connection with the s-BS for a longer time thus a significant 
reduction in HOR cannot be achieved even when the UL-HO eliminates the 
MeasReport signaling (i.e. TTT is three times the periodicity). In conclusion, the 
UL-HO without-MRN scenario can significantly improve the HO performance 
metrics if we optimize the periodicity to 20 ms, for all evaluated speeds. With 
the UL-HO scheme, the average reduction in the HOR is between 5% and 11%, 
HOF rate between 50% to 76%, and  PPR between 3% to 26% in comparison to 
DL-HO, depending on the speed. 

5.2.3.2 UE Power Consumption 
The total UE power consumption is the sum of the MeasReport, RACH and HO 
confirm air-interface signaling message transmission and the HO command re-
ception power consumption. Figure 41 exhibits the UE total power consumption 
as a function of speed and DL/UL RS periodicities. It is clear from the chart that 
the power consumption of UL-HO is always lower than the DL-HO for all sim-
ulated cases as it removes the power consumption part due to the transmission 
of the MeasReport. A significant reduction in UE power consumption is seen for 
the 20 ms periodicity case of all speeds because of the highest improvement the 
UL-HO brings in terms of HOR, HOF rate, and PPR (see Figure 38, Figure 39, 
and Figure 40 respectively) for this specific case. Overall, the UL-HO can reduce 
the UE power consumption by 15% to 25% in comparison to DL-HO, depending 
on the speed. 

 

Figure 38. Impact of varying UE speed and UL/DL RS periodicity on HO rate (without MRN). 
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Figure 39. Impact of varying UE speed and UL/DL RS periodicity on the HOF rate (without MRN). 

 
Figure 40. Impact of varying UE speed and UL/DL RS periodicity on PP rate (without MRN). 
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Figure 41. Impact of varying UE speed and UL/DL RS periodicity on UE total average supply 

power consumption (without MRN).  

5.2.3.3 BS Power Consumption 
The total BS power consumption is the sum of HO command transmission, 
along with the MeasReport, RACH and HO confirm air-interface signaling mes-
sage reception power consumption. Figure 42 presents the BS average supply 
power consumption at different UE speeds and periodicities. The trend of the 
chart is the same as we noted in Figure 41 but the BS power consumption is 
much higher than the UE power consumption. It is apparent that the UL-HO 
can also significantly reduce the BS power consumption as it removes the power 
consumption part due to the reception of the MeasReport. On average, the UL-
HO scheme provides an average BS power consumption reduction of 18% to 
23% in comparison to DL-HO, depending on the speed. 

5.2.3.4 Reference Signal Transmission and Measurement Power Consumption 
The impact of varying the UE speed and DL/UL RS periodicity on the DL/UL 
RS transmission and measurement average supply power consumption is 
shown in Figure 43 which is the sum of DL/UL RS transmission and reception 
power consumption. The details of how we calculate the DL/UL RS transmis-
sion and measurement are described in Publication IX. It is to be noted that the 
RS power consumption remains the same for all speed values as it depends only 
on time (see Publication IX for details). As expected, the plot reveals that the 
power consumption reduces with increasing periodicities because of infrequent 
RS transmission. Overall, the UL-HO RS power consumption is almost 61% 
lower than the DL-HO case because of lower resource consumption.   
 
 



 

72 

 
Figure 42. Impact of varying UE speed and UL/DL RS periodicity on BS total average supply 

power consumption (without MRN).  

 
Figure 43. Impact of varying UE speed and UL/DL RS periodicity on RS total average supply 

power consumption (without MRN).  

5.2.3.5 Total Power Consumption 
We computed the total power consumption by adding both the UE and BS 

power consumption, i.e. the sum of Figure 41 and Figure 42 for various HO sig-
naling over the air interface, namely: the MeasReport, the HOcmd, the RACH, 
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and the HOconf transmission and reception. Figure 44 presents the total aver-
age supply power consumption that clearly shows a significant reduction in total 
power consumption using the proposed UL-HO scheme. The reduction of the 
total power consumption using the UL-HO method is linked to getting rid of the 
MeasReport signaling, and the reduction of overall HOR (see Figure 38) and 
HOFs (see Figure 39). The highest reduction in power consumption is seen at 
the 20 ms periodicity case of the UL-HO scheme as the UL-HO reduces the 
HOR, HOFs, and PPR significantly for this specific case. However, the reduction 
in power consumption through UL-HO at high speed and high periodicities is 
lower because of the high PPR we noted in Figure 40. On average, the UL-HO 
scheme provides an average total power consumption reduction of 19% in com-
parison to DL-HO for all the simulated cases. 

 
Figure 44. Impact of varying UE speed and UL/DL RS periodicity on the total average supply 

power consumption (without MRN). 

5.2.4 With Mobile Relay Node 

In this section, we will see the gains we achieve by using the MRN to service the 
on-board UEs for both the DL-HO and UL-HO. 

5.2.4.1 Handover Metrics 
The impact of varying UE speed and UL/DL RS periodicity on HOR (for all 
UEs), HOR (for on-board UEs only), HOF rate, and PPR is presented in Figure 
45, Figure 46, Figure 47, and Figure 48, respectively when the on-board UEs are 
serviced through an MRN. Overall, the diagrams show that the HOR, HOF rate, 
and PPR are lower than the cases with no MRN. This is especially linked to the 
cell-edge users that now have good radio link conditions because of the connec-
tion with the MRN. Another trend in the graph shows that UL-HO still performs 
better in comparison to DL-HO. This is because the MRN-connected user in the 
case of DL-HO can still suffer from frequent HOs ( see Figure 46) because of the 
MRN HOF to a DBS. However, the UL-HO scheme does not require the 
MeasReport signaling which reduces the HO delay, and the chances of MRN 
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HOF to a DBS, and thus, provides uninterrupted services for on-board UEs. So 
the UL-HO with MRN provides a higher gain in terms of reducing the HOR even 
at high speeds and high periodicities in comparison to the no-MRN case (see 
Figure 38 and Figure 45 for comparison) because of reduction in on-board UEs’ 
HOR due to the deployment of an MRN. For the with-MRN case, we again reveal 
a trade-off between HOFs and PPs, similarly as we noted for the without-MRN 
cases. With the UL-HO scheme, the average reduction in the HOR is between 
8% and 13%, HOF rate between 54% and 71%, and PPR between 10% and 22% 
depending on the speed.  

 
Figure 45. Impact of varying UE speed and UL/DL RS periodicity on HO rate (with MRN).  

 
Figure 46. Impact of varying UE speed and UL/DL RS periodicity on HO rate for only on-board 

UEs (with MRN).  
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Figure 47. Impact of varying UE speed and UL/DL RS periodicity on the HOF rate (with MRN).  

 
Figure 48. Impact of varying UE speed and UL/DL RS periodicity on PP rate (with MRN).  
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Figure 49. Impact of varying UE speed and UL/DL RS periodicity on UE total average supply 

power consumption (with MRN). 

5.2.4.2 UE Power Consumption 
Figure 49 provides the UE power consumption as a function of speed that shows 
the same trend as we noted in Figure 41 but deploying MRN herein significantly 
reduces the UE power consumption especially when we utilize the UL-HO pro-
cedure. This is because the MRN performs the group HO procedure on behalf 
of the on-board UEs and the UL-HO reduces the chance of MRN SPoF. Overall, 
the UL-HO scheme provides an average UE power consumption reduction of 
20% to 28% in comparison to DL-HO, depending on the speed which is higher 
than the without-MRN case. 

5.2.4.3 BS Power Consumption 
Figure 50 presents the BS average supply power consumption at different UE 
speeds that also show the same trend as we noted in Figure 42 but the BS power 
consumption is reduced significantly because of the MRN deployment (see Fig-
ure 42 and Figure 50 for comparison). The graph shows that the UL-HO with-
MRN case significantly reduces the BS power consumption, especially at low 
periodicities, i.e. at speed 30 km/h by around 500 mW, and at speed 60 km/h 
and 90 km/h by 800 mW in comparison to the legacy DL-HO method. On av-
erage, the UL-HO with-MRN scheme provides an average BS power consump-
tion reduction of 20% to 24% in comparison to DL-HO, depending on the speed. 

5.2.4.4 Reference Signal Transmission and Measurement Power Consumption 
The RS power consumption is shown in Figure 51 that remains the same for all 
speeds because it is dependent on the time (i.e. how often we send or receive the 
RS). The trend of the graph is the same as depicted in Figure 43 but the RS 
power consumption is lower because of our assumption that the on-board UEs 
stop RS transmission/measurement when they are connected with an MRN to 
save energy. Overall, the UL-HO scheme provides an average RS power con-
sumption reduction of 60% in comparison to DL-HO for all simulated cases. 
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Figure 50. Impact of varying UE speed and UL/DL RS periodicity on BS total average supply 

power consumption (with MRN).  

 
Figure 51. Impact of varying UE speed and UL/DL RS periodicity on RS total average supply 

power consumption (with MRN).  



 

78 

 
Figure 52. Impact of varying UE speed and UL/DL RS periodicity on total average supply power 

consumption (with MRN).  

5.2.4.5 Total Power Consumption 
Figure 52 presents the impact of a varying UE speed on the total average supply 
power consumption that shows the same trend as observed in Figure 44 with 
extra gains in terms of reducing the power consumption that we obtain by the 
deployment of the MRN. On average, the UL-HO scheme provides an average 
total power consumption reduction of 22% in comparison to DL-HO for all sim-
ulated cases. 

5.2.5 Total Power Consumption With and Without MRN 

The impact of a varying UE speed on the total average supply power consump-
tion for both with-and without-MRN cases is presented in Figure 53. At both 
30km/h and 90km/h speeds:  S3 (UL-HO w/o MRN) outperforms S2 (DL-HO 
w MRN) for all periodicities. In this way, the UL-HO scheme saves MRN de-
ployment and OPEX cost. Similarly, at speed 60km/h, S3 outperforms S2 at pe-
riodicities {20, 40}ms while other periodicities have also almost the same power 
consumption for both S2 and S3. Overall, the UL-HO with-MRN scheme has the 
lowest total power consumption for all speeds and periodicities. So, deploying 
an MRN with the UL-HO scheme seems to be the most attractive solution in 
terms of lowest power consumption, i.e. on average a 30% power consumption 
reduction in comparison to DL-HO without an MRN for all simulated cases. 
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Figure 53. Impact of varying UE speed and UL/DL RS periodicity on total average supply power 

consumption (without and with an MRN).  

5.3 Discussion and Conclusion 

In the first part of this Chapter, it is observed that the MRN is one of the most 
feasible group HO solutions for a higher number of on-board UEs which is in 
line with the works presented in [52][58][59]. For less on-board UEs (i.e. 8 UEs 
per bus), the proposed UL-HO scheme, without MRN provides the same perfor-
mance as in DL-HO with MRN, thus the UL-HO reduces the MRN deployment 
cost and the OPEX. The UL-HO with-MRN case can significantly reduce the 
power consumption for a higher number of on-board UEs (i.e. 48% on-board 
UEs case).  

The second part of this Chapter extends the applicability of UL-HO for MRNs 
and group mobility (i.e. passengers traveling on a bus) scenarios. We found that 
the UL-HO scheme minimizes the HO delays and reduces the chance of the 
MRN single point of failure (SPoF) and thus provides uninterrupted services to 
the on-board UEs. Such improvements come because of no MeasReport trans-
mission and reception over the air-interface [70][89], and thus the HO proce-
dure completes before the MRN/UE loses its connection to the s-DBS/s-BS. The 
highest improvements in HO metrics has been observed for the scenario where 
both the MRN and the UL-HO procedure is utilized. The UL-HO shows signifi-
cant improvement in HOR, HOF rate, and PPR especially at low periodicities 
(i.e. 20 ms) and thus the highest reduction in power consumption is seen for 
this specific case. Furthermore, a trade-off between the HOF rate and PPR 
shows that the UL-HO scheme significantly reduces the HOFs but at the cost of 
an insignificant increase in PPR, especially at higher speeds. In a scenario where 
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is cost reduction is the first priority, the UL-HO scheme is still a suitable candi-
date as it outperforms the without-MRN case in comparison to the DL-HO with-
MRN case thus reducing the OPEX and MRN deployment cost. In the absence 
of an MRN, the UL-HO scheme can reduce the HOR by 5% to 11%, HOF rate by 
50% to 76%, PPR by 3% to 26%, UE power consumption by 15% to 26%, and BS 
power consumption by 18% to 23% in comparison to DL-HO, depending on the 
speed. For the with-MRN case, the UL-HO scheme can reduce the HOR by 8% 
to 13%, HOF rate by 54% to 71%, PPR by 10% to 22%, UE power consumption 
by 20% to 28%, and BS power consumption by 20% to 24% in comparison to 
DL-HO, depending on the speed.  
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6. Conclusions and Future Work 

In this thesis we found that the legacy HO procedure (DL-HO) for both LTE 
and NR is underperforming for future ultra-dense networks because of high 
MeasReport signaling, and high HOFs due to delay in the MeasReport delivery. 
Also we found that the DL-HO is not suitable for the future complex mobility 
scenarios where both the cells (i.e. MSCs implemented via MRN) and the UEs 
will be moving at a given speed. In MRN-enabled mobility scenarios, the afore-
mentioned problems of the legacy DL-HO procedure cause the MRN HOF to the 
DBS especially at higher speeds that can further lead to an SPoF for on-board 
UEs resulting in a bad user experience. This thesis provides an UL-HO solution 
to cope with the problems of existing DL-HO. Using the proposed UL-HO 
scheme, the MeasReport signaling transmission/reception is not required, 
eliminating the aforementioned issues in the DL-HO. In this way, the UL-HO 
procedure completes before the UE/MRN/MSC loses its connection with the s-
BS/s-DBS, reducing HOR, HOFR, PPR, SPoFs (in case of group mobility) and, 
most importantly, the power consumption due to the reduction in HO signaling. 
Therefore, the UL-HO scheme is effective for both dense networks and MSCs 
and should be used in future cellular networks. 

A designer should take care of the following requirements while implementing 
the UL-HO scheme to the future cellular networks:   

1. The UL-HO scheme applies to any radio access technology (incl. 4G, 5G, 
and 6G) that supports sounding reference signal (SRS). 

2. Time synchronization between the BSs receiving the UL RS should be 
within some specified upper bound. 

3. The UL RS configuration parameters (timing, frequency, code, etc.) set 
by the serving BS should also be shared with the neighboring BSs via 
existing interfaces (such as e.g. X2 or S1 in LTE). 

4. The UL-HO scheme is sensitive to HO parameter selection (i.e. UL RS 
periodicity, and UL TTT). These parameters should therefore be chosen 
carefully considering various use cases.  

The proposed UL-HO scheme can be applied to the future cellular network 
generations heading towards small-cell networks operating at higher frequen-
cies and implementing a user-centric no-cell approach (UCNC) [98]. The target 
of the UCNC approach is to support massive connectivity while turning all UEs 
to cell-center UEs. The UCNC approach can be implemented in any cellular 
technology supporting a sounding reference signal (SRS), i.e. LTE and NR 
which makes our UL-HO scheme the most appropriate to be integrated with a 
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UCNC approach. In addition, future open radio access network (O-RAN) stand-
ard specifications target an RAN architecture based on a softwarized radio re-
source management (RRM) platform of functions including power-efficient HO 
as herewith proposed [99]. Such platforms will allow both LTE and NR to follow 
their own optimization and development, given their actual deployment world-
wide. Furthermore, the introduction of Integrated Access and Backhaul (IAB) 
technology enables on-demand spectrum pooling between the access link and 
the backhaul link [73][100]. It is anticipated that the current static IAB nodes 
will evolve into mobile IAB nodes in future 3GPP releases, thus enabling the 
MCS concept. The proposed UL-HO scheme is very effective for MSCs deploy-
ments (especially in the form of MRNs) as it can reduce the MRN/MSC HOFs 
to the DBS. This makes the proposed UL-HO method more suitable for the 
MSCs to support power-efficient group mobility.  

Future releases of 3GPP are looking for proposals that can especially reduce 
UE power consumption [101]. Our UL-HO solution is most appropriate as it can 
improve the user device’s battery lifetime. Also, it is suitable to reduce the BS 
power consumption that can further reduce the OPEX and environmental ef-
fects. The proposed UL-HO solutions are being currently studied in 3GPP stand-
ardization [90][91][92] as an alternative solution for DL-HO. The simulation 
analysis in this work confirms that the UL-HO scheme is an excellent candidate 
for an energy-efficient HO procedure in future releases of the 3GPP standards 
heading towards higher frequencies, denser network deployments, and on-de-
mand MSCs.  

A UE-specific SRS periodicity selection procedure is suggested as a good fu-
ture work topic, to improve the network performance and further reduce the 
power consumption (e.g. a UE closer to a cell border will have low periodicity). 
Also, an SRS power control procedure would be more beneficial to allocate the 
SRS power according to the UE’s location (i.e. cell center, cell edge), to conse-
quently save energy by allocating low SRS transmission power to the 
UEs/MRNs close to BSs/DBSs. Furthermore, the performance of UL-HO could 
be assessed in a multi-connectivity scenario and/or leveraging on IAB technol-
ogy. We note that the implementation of the proposed UL-HO procedure is 
much easier in IAB technology. This is because the IAB network implements a 
separate distributed unit and control unit, so the control unit can act as a central 
network controller (i.e. the controller in Figure 25), potentially being able to 
process the UL RS measurements and decide which distributed unit shall serve 
a given UE.  
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Appendices 
 

 

A1. Mobility Simulator Description 

The in-house mobility simulator is based on an open-source RUNE simulator 
[102] but it has been evolved during the last ~9-10 years at Huawei Sweden and 
the last 3 years at Huawei Finland [103]. The simulator is advanced to the latest 
LTE DL-HO as well as the proposed UL-HO procedure and new metrics are in-
cluded to compute signaling overheads and the power consumption for both 
DL-HO and UL-HO. This simulator is very important to analyze the complex 
mobility problems for LTE networks. Many research works have been published 
by Huawei using this simulator (i.e. some article publications using this simu-
lator are [26][104][105][106][107][108][109][110][111] ).   

 
A1.1 Current Features of the LTE Mobility Simulator 

The LTE system-level mobility simulator is a Frequency Division Duplex (FDD) 
and Time-based simulator with a 1-ms transmission time interval (TTI) granu-
larity. Traffic sources at the IP level are web browsing, File Transfer Protocol 
(FTP), near real-time video (NRTV), VoIP (Speech), Gaming, Full Buffer, and 
Burst traffic. Packet Data Convergence Protocol (PDCP), RLC and MAC entities 
are also modeled. The physical layer is implicitly modeled using link-to-system 
curves, mapping the Signal-to-interference-plus-noise ratio (SINR) to bit error 
rate (BER). Shadow fading and fast fading are also considered. Both UL and DL 
transmissions are possible for the control plane, but user plane transmissions 
are either UL or DL. Only Intra-frequency (no inter-frequency/inter-RAT meas-
urements) measurements are considered. Only the RRC_CONNECTED state 
(no RRC_IDEL state) is assumed. UE Measurement (using RSRP and reference 
signal received quality (RSRQ)), RACH model (based on LTE Release 8) and 
RLF are also implemented. In-sync and out-sync measurements are imple-
mented, along with timers T310 and counters N310 & N311 as described in Fig-
ure 4. All of these features are presented in Fig. A1 and more details of the sys-
tem simulation model are also presented in Publication II. 
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Figure A1. Current features of MATLAB based mobility simulator. 

 

A1.2 Main Parameters and Structure of the Simulator 
The main configuration parameters of the simulator include deployment, prop-
agation, HO, UE, cell, channel and other related parameters as shown below: 
Deployment Parameters: 

 Cell radius 
 Sector per site 
 Number of sites 
 Number of cells 

Propagation Parameters: 
 Antenna gain 
 Antenna pattern (3D model) 
 Path loss model 
 Shadowing 
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HO Parameters: 
 Time to trigger (TTT) 
 A3 offset  
 Filtering coefficient  

UE Parameters: 
 UE max. Power 
 UE speed 

Cell Parameters 
 Inter site distance (ISD) 
 eNB DL power  
 eNB noise figure 

Channel and Other related parameters 
 Subcarrier spacing 
 Bandwidth (5MHz FDD) at 2.1 GHz 
 Simulation time (60s) 
 Time granularity (1 ms) 
 Position update interval 

 
 The structure of the simulator is shown in Fig. A2. The simulator initializes all 
of the parameters. If it is a time to move the UE, it updates the UE position, gain 
matrix and UE tracking set, otherwise, it starts monitoring the RLF directly. 
Then, it performs the UE measurement and updates the HO timer and traffic 
sources. Different procedures are performed at each layer level for both eNB and 
UE. Then the simulator handles the UL RRC and RRC reestablishment. Finally, 
the simulator checks if there are more TTIs to simulate, if not, it starts collecting 
the stats related to the HO procedure.  
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Figure A2. Structure of the mobility simulator. 
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A1.3 System Model 
A cell wrap-around model for homogeneous interference conditions is consid-
ered. The main antenna orientation with three sectors per site is given by the 
black arrows in Fig. A3. In this figure, the number of sectors per site is three and 
the red circles show the site location. The number of cells (N) per cluster is 48 
according to (1), where  and  are non-negative integers. In this example, = 4 
and  = 4.  

= + +     (1) 
 

 

Figure A3. An example of the cell configuration. 

A1.3.1 Distance Attenuation 

The distance path loss is based on (2) where  is the distance between the trans-
mitter and receiver given in kilometers as shown in Fig. A4. The figure shows 
that as the distance between transmitter and receiver increases, path loss in-
creases. 

= + .  ( )    (2) 
 

 

nsites 

nsites 

sps 

cellradius 
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Figure A4. Example of the distance attenuation. 

A1.3.2 Antenna Gain 

In the simulator, the sites are equipped with three sectors. For a three-sector 
site, a directional antenna is used. The UEs are using an omnidirectional an-
tenna with an antenna gain of 0 dB and therefore we have not considered the 
antenna direction or gain of the UE. The directional antenna pattern used for 
the eNB is shown in Fig. A5. Similarly, the omnidirectional antenna pattern for 
the UE is presented in Fig. A6. The antenna gain is calculated as the antenna 
gain vector at the angle of the UE’s position. The angle is the difference between 
the main direction of the antenna and the direction between the eNB and the 
UE. The angular antenna gain can be calculated using Fig. A7. 
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Figure A5. Directional antenna pattern. 

 

Figure A6. Omnidirectional antenna pattern. 
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Figure A7. Angular antenna gain calculation. 

A1.3.3 Wrap Around 

A one-tier wrap-around model used in the simulator is shown in Fig. A8. Eight 
copies of the simulated area are added and the copy that gives the highest path 
gain, including both the distance attenuation and the angular antenna gain, is 
selected. The red arrow represents the selected copy of the cell that is used for 
calculating the received power to that cell. 

 

  

Figure A8. An example of the wrap-around technique. 

A1.3.4 Shadow Fading 

To generate the shadow fading of the different UEs that has a specific correla-
tion in the area, a correlated log-normal map is generated with mean 0 and 
standard deviation 1 used as shown in Fig. A9.                   
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Figure A9. An example of shadow fading. 

A1.3.5 Total Path Gain 

The total path gain (in dB) is obtained with the values between each UE and 
each cell calculated as: 

, = max ( + ) +    (3) 

Where,  is the path gain,  is the antenna gain and 
 is the shadow fading gain. The UE position is wrapped into the 

geographical vicinity of the cell it is connected to. 
 

A1.3.6 UE Models 

A uniformly distributed position is given to the UE in the simulator that is a 
complex vector spanning the simulation area. In the simulator, the simulation 
area is a rhombic area spanning all the cells. The UE is also given an initial ve-
locity and direction. With a certain period, the UE's position and velocity are 
updated according to the mathematical model presented in [102]. UE mobility 
possibilities in the simulator are: 

 CONSTANT_SINGLE_SPEED_AND_DIRECTION 
 CONSTANT_SINGLE_SPEED_AND_RANDOM_DIRECTION 
 RANDOM_SPEED_AND_DIRECTION 
 CONSTANT_MULTI_SPEED_AND_RANDOM_DIRECTION 
 STREET_MOBILITY 

The UE mobility model with RANDOM_SPEED_AND_DIRECTION is shown 
in Fig. A10. In this thesis, we used the CONSTANT_SIN-
GLE_SPEED_AND_RANDOM_DIRECTION mobility model. UEs are moved 
on each specified “UE position update interval” according to the above men-
tioned mobility models. At each UE movement interval, the handover algorithm 
is also executed. After moving the UE it might do a handover to another cell that 
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has become better than the old cell, and to visualize the connection the UEs we 
will wrap the UE to the position with the shortest geographical distance from 
the new serving cell. Eight copies of the UE are generated and the position where 
the distance to the eNB is the shortest is selected. 

  

Figure A10. Example of UE mobility model. 

A1.4 Link-to-System Mapping 
 

As system-level simulation doesn’t include the real link processing, a link-to-
system level interface is needed to predict the instantaneous performance of the 
link layer. One of the most important models is how we map the system simu-
lation channel quality results to an MAC PDU error probability, to feed the 
HARQ functionality with information. An overview of the interface is shown in 
Fig. A11. 
 

Link level 
 
 
BLEPAWGN 

Subcarrier-to-TTI quality 
- Map from subcarriers of 
varying quality to single 
TTI quality value (EESM 
method) 

BLEP 

SIRsubc 
System level 
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fast fading 
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information from 
previous transmissions 
 
 
Random block error 
generation 

TxP 
PL 
N0 
h 

SIRTTI 

MCS 

 
Figure A11. Link-to-system interface overview. 
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The inputs from the system simulations are the transmission power (TxP), 
path loss (PL), noise level (N0) and fast fading (h) information which is used to 
generate a channel quality per subcarrier for the transmission of an MAC PDU. 
In Fig. A12, a simple model of how the signal quality is assessed in the simula-
tion is shown. Each UE transmits and the signal is received by all eNBs in the 
network. The own signal is shown in the top row, where the received signal 
strength is calculated including both slow and fast fading. The interference is 
calculated using the power of each transmitting UE and the path gain. For some 
of the interferers, we also add fast fading information to the interference calcu-
lation. In the final stage, the signal information is divided with the sum of all 
interference contributions and also the noise per subcarrier to obtain the chan-
nel quality. 

 

P 

Fast 
fading 

Path loss 
+ Slow 
fading 

P*G P*G*|h|2 

(P*G*|h|2) 

Path loss 
+ Slow 
fading 

Fast 
fading 

 

(P*G) 

P 
  

 

 

Figure A12. Channel quality calculation. 

The fast fading information is obtained by extracting information in the time 
domain from a pre-generated complex channel response vector and through 
FFT, we get the frequency response of the channel. Correlated Rayleigh channel 
samples are generated. We can then apply different models, e.g.: ['VehA'; 
'PedA'; 'PedB'; 'AWGN‘; ‘TU’]. A subset of the channel vector is shown in Fig. 
A13. Each new UE gets a pointer in this vector for the strongest received cell to 
obtain the current value of the channel. For each tap of the receiver, another 
pointer to the channel vector is added. The information from the channel re-
sponse vector is extracted for each link and tap and multiplied by the power 
value of the tap. Then, using the delay values of the tap we calculate the fre-
quency response from each of the active links. Combining the information from 
all the subcarriers that are involved in the transmission to generate an appro-
priate average transmission quality for this TTI is done using the Exponential 
Effective SIR Mapping function.  
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Pointer to second 
tap of each leg in 
active set 

Pointer to first tap 
of each leg in 
active set 

Pointer to second 
tap of each link 
applying fast fading 

Pointer to first tap of 
each link applying 
fast fading 

  

 

Figure A13.  An example of the fast fading in the simulator. 

As the link level curves are generated assuming a frequency flat channel re-
sponse at a given SINR, an effective SINR is required to accurately map the sys-
tem-level SINR to the link-level curves to determine the resulting block error 
probability (BLER). In our simulation platform, we use Effective Exponential 
SNR Mapping (EESM) as the mapping method. EESM provides a method of 
mapping post-processing SINR in a fading channel to one effective SINR in 
AWGN. The effective SINR is used to look up the BLER curve. The predicted 
BLER is close to the real link simulation results. The EESM method has been 
widely used and is effectively an averaging method where the SIR values are 
averaged in the dB domain. In Fig. A14, the link level results are plotted for dif-
ferent PRB sizes as an example of the lookup from the effective SIR value for the 
TTI to the error probability of the transmission. A random check (rand < BLER) 
then determines whether the MAC PDU was correctly received or not. 
 

First tap 
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Figure A14. An example of link-to-system mapping using EESM method. 

 

A1.5 HO Statistics 
We can obtain the following statistics for HOs using this simulator: 

 HO interruption time (HOIT) 
 HO rate 
 Mean time between HO (MTBH) 
 Number of A3 events 
 Number of TTT events 
 Number of HOs 
 Number of HO failure events 
 Number of measurement reports 
 Number of ping pongs 
 Number of T310 reports 
 Ping pong rate 
 HO failure type breakdown: F0…F7  
 Signaling rate 
 Transmitted power consumption 
 Received power consumption 

 
The MTBH is the ratio between the total simulation time and the number of 
triggered HO events. HOIT is the time whereby the user plane is unable to de-
liver packets to and from the UE. The signaling rate provides the information of 
air-interface signaling transmitted/received during HO. The received power 
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consumption is calculated using the simulator considering shadow and fast fad-
ing and then the receiver power consumption model is used to calculate the sup-
ply average received power consumption.  

 
A1.6 Simulator Calibration with 3GPP Calibrated Simulator 

 
We calibrated our simulator with Huawei’s internal 3GPP calibrated simulator 

in order to get comparable and trusty simulation results. Here we show the cal-
ibration results of our mobility simulator with a 3GPP celebrated simulator. We 
choose the 3GPP homogeneous macro 1 scenario [78] for calibration as given in 
Table 1. More detailed parameters for large-scale calibration are contained in 
Table 2: 

 
Table 1. 3GPP case 1 

Simulation Carrier 
frequency 

ISD bandwidth Penetra-
tion Loss 

Speed Additional  Simu-
lation  

Cases  (GHz) (meters) (MHz) (dB) (km/h) Parameters 

3GPP case 1 2.0 500 FDD:10+10   20 3 Table A.2.1.1-2  

 

Table 2. Parameters for large-scale calibration  
Parameter Assumptions 

Macro Cellular scenario Case 1: 500m 

Carrier Frequency / Bandwidth 2GHz / 10Mhz 

Macro Cellular layout Hexagonal grid, wrap-around 

 HMesh:19sites, 3 cells per site, 
 SMesh: 16sites, 3 cells per site, 

UE distribution Uniformly in geography area,  

Average 500 UEs/cell 

Minimum distance between UE and 
macro eNB 

35m (Considered in path loss calculation but not in 
UE distribution to keep consistency of both simula-
tors) 

TX power (Ptotal) Cell 46dBm 

UE 23dBm 

Antenna gain(horizontal) 

(For 3-sector cell sites with fixed antenna 
patterns) 

m
dB

H AA ,12min
2

3

 

dB3  = 70 degrees,  Am = 20 dB 

Antenna gain cell 14dBi 

UE 0dBi 

Noise Figure cell 5dB 

UE 9dB 
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Distance-dependent path loss for macro to 
UE 

L= 128.1+37.6log10(R) 
for 2GHz, R in km 

Lognormal Shadowing with shadowing 
standard deviation 

0 dB/8 dB 

Shadowing corre-
lation 

Between sites  0.5 

Between sectors 1.0 

Shadowing correlation distance 50m 

Penetration Loss   20dB  

 
Path gain and geometry CDF are shown in Fig. A15 without shadow fading. Both 
the path gain and geometry CDF are almost the same for both simulators (i.e. 
mobility simulator used in this thesis and the 3GPP calibrated simulator). There 
is therefore no problem in the implementation of path loss calculation, network 
topology, antenna gain calculation, and UE distribution. 

         Mobility – Hmesh
        Mobility – Smesh

   3GPP – Hmesh
        3GPP – AltHMesh

   3GPP – SMesh

         Mobility – Hmesh
        Mobility – Smesh

   3GPP – Hmesh
        3GPP – AltHMesh

   3GPP – SMesh

 
 

Figure A15. Large-scale comparison without shadow fading (Left: Path gain; Right: Geometry). 

Path gain and geometry CDF are shown in Fig. A16 including shadow fading.  
Overall, there is around 2dB path gain difference between our mobility simula-
tor and the 3GPP calibrated simulator. This is because of the shadow fading 
models used for calibration that are different in both simulators. The mobility 
simulator uses a shadow fading map, where the close UEs are considered with 
correlation. While in the 3GPP simulator, the UE shadow fading correlation is 
not considered. Other parameters are the same in both simulators. The mobility 
simulator geometry distribution is the same as the 3GPP simulator.  

 

         Mobility – Hmesh
        Mobility – Smesh

   3GPP – Hmesh
        3GPP – AltHMesh

   3GPP – SMesh

         Mobility – Hmesh
        Mobility – Smesh

   3GPP – Hmesh
        3GPP – AltHMesh

   3GPP – SMesh

 
Figure A16. Large-scale comparison with shadow fading (Left: Path gain; Right: Geometry). 
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In conclusion, no big issue is found during the large scale calibration of the mo-
bility simulator with the 3GPP calibrated simulator, with/without shadow fad-
ing. So there is no problem in the implementation of path loss calculation, net-
work topology, antenna gain calculation, and UE distribution. 
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