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a b s t r a c t

Femtocells enable LTE technology when deployed in large numbers. However, every femtocell needs to self-

optimize its control parameters in response to surrounding dynamic events. This paper focuses on self-

optimization use cases related to handovers in LTE femtocell networks including: handover self-optimization,

call admission control self-optimization and load balancing self-optimization. These three use cases can in-

teract either constructively or destructively. To the best of our knowledge, no previous work has addressed

the nature of this interaction. Therefore, we survey proposed schemes for each one of these handover-related

self-optimization use cases after which three representative schemes have been identified. These schemes

are used in our interaction study using our in-house MATLAB-written and LTE compliant simulation environ-

ment. Based on interaction simulation results, we recommend a set of guidelines to follow when coordinating

between these interacting handover-related self-optimization use cases in LTE femtocell networks.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The notion behind femtocells is to bring the network closer to

users. With this approach, femtocells overcome the disadvantage of

macrocells which usually struggle to provide services for the 50% of

voice calls and the 70% of data calls originating indoors [1]. There are

estimates that with as low as 10% of active femtocell household de-

ployment, femtocells can offload as much as 50% of the overall macro-

cellular tier load [2] and therefore increase mobile operator revenues.

Motivated by such benefits, femtocells are expected to reach as high

as 28 million units by 2017 [3]. If these estimations were correct, sev-

eral technical issues would need to be addressed. One major chal-

lenge is the instant control parameter adjustments needed in re-

sponse to surrounding dynamic events. These adjustments can be

made automatically by implementing Self Organizing Network (SON)

use cases categorized into: self-configuration, self-optimization and

self-healing. The term “use case” indicates implementation of SON

capabilities to address a certain area (e.g. handover). Several schemes

can fall within a single SON use case.

In this work, we focus on self-optimization use cases related to

the LTE femtocell handover procedure. These use cases start by vir-

tually adjusting the femtocell’s coverage footprint by implementing
∗ Corresponding author. Tel.: +1 6134842667.
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andover self-optimization and load balancing self-optimization.

hese use cases control gaps and femtocell coverage overlaps which

n turn controls handover decisions initiation at source cells. Target

ells can also grant or reject these handover decisions by implement-

ng call admission control self-optimization. Each one of these three

andover-related self-optimization use cases starts with an initial op-

rating point defined by control parameters. After that, each use case

onitors Key Performance Indicators (KPI) and reacts by adjusting its

ontrol parameters in order to meet performance objectives in terms

f the same KPIs monitored. This self-optimization cycle is shown in

ig. 1.

As it can be noticed, all of the self-optimization use cases men-

ioned above improve the same handover process. Therefore, their

djustment decisions can either interact positively or negatively. To

he best of our knowledge, no work has ever addressed the issue

f interaction between these handover-related self-optimization use

ases in LTE femtocell networks, namely: handover self-optimization,

all admission control self-optimization and load balancing self-

ptimization. As an extension to our previous work in [4,5], this paper

ddresses in more details for the first time this interaction issue af-

er conducting a thorough survey of proposed handover-related self-

ptimization schemes. This is achieved using our in-house MATLAB-

ritten and LTE compliant simulation environment.

This paper starts by giving some background knowledge in

ection 2 including how the standard LTE handover procedure works

nd how various self-optimization network architectures can be
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Fig. 1. Self-optimization scheme cycle.

Fig. 2. Overall LTE handover procedure.
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mplemented in such a procedure. In addition, we explain in this sec-

ion in more details the three handover-related self-optimization use

ases of interest after defining some of the most commonly used KPIs.

hese explanations show the main issue of possible interactions ad-

ressed in this study.

In Section 3, we show first the need for our interaction study. Then

e survey proposed handover, call admission control and load bal-

ncing self-optimization schemes in order to identify a representative

cheme for each use case. Interactions are studied with these repre-

entative schemes using simulations. However, and before introduc-

ng the simulation experiments, we introduce in Section 4 our sim-

lation environment after which experiments are given in Section 5.

esults are discussed further in Section 6 in addition to giving some

nteracting scheme coordination guidelines. Finally, Section 7 con-

ludes the paper.

. Background

.1. LTE handover procedure

LTE handover procedure has three phases: preparation, execution

nd completion. The last two phases provide commands for data loss

etection and recovery which are out of our research scope in this

aper. However, our focus is on the handover preparation phase as

hown in Fig. 2. In what follows, we elaborate on steps 4, 6 and 8 at

hich handover-related use cases operate by self-optimizing control

arameters for instance.
.1.1. UE measurements and decision

According to [6], source eNB/HeNB initially configures the way by

hich UEs report their proximity. When the UE sends a proximity

ndication, source eNB/HeNB can configure the UE with the most re-

ent measurement configurations. These configurations may include

list of all neighboring cells which helps the UE in performing a faster

nd less battery consuming scanning. If this list was not provided,

hen the UE would just detect those cells with a Reference Signal Re-

eived Power (RSRP) exceeding the UE’ s receiver sensitivity. These

easurement configurations also include the rules by which the UE

hould start taking or stop taking any further measurements. In gen-

ral, taking these measurements could be event triggered or period-

cally triggered. According to [7], there are eight types of events that

ould trigger the UE to start reporting the measurements:

1. Event A1: is when the serving cell becomes better, in terms of

signal strength or quality, than a threshold.

2. Event A2: is when the serving cell becomes worse, in terms of

signal strength or quality, than a threshold.

3. Event A3: is when a neighboring cell becomes offset better, in

terms of signal strength or quality, than the Primary Cell. Pri-

mary cells are relevant if the network system aggregates carri-

ers.

4. Event A4: is when a neighboring cell becomes better, in terms

of signal strength or quality, than a threshold.

5. Event A5: is when the Primary Cell becomes worse than

threshold-1 while having a neighbor cell that has become bet-

ter than threshold-2, and that is in terms of signal strength or

quality.

6. Event A6: is when a neighboring cell becomes offset better,

in terms of signal strength or quality, than the Secondary Cell.

Secondary cells are relevant if the network system aggregates

carriers.

7. Event B1: is when an inter Radio Access Technology (RAT)

neighboring cell becomes better, in terms of signal strength or

quality, than a threshold.

8. Event B2: is when the Primary Cell becomes worse than

threshold-1 while having an inter-RAT neighboring cell that

has become better than threshold-2, and that is in terms of

signal strength or quality.

In RRC IDLE state, the UE makes its own cell selection decisions

nd it will initially seek to “camps on” a suitable cell that has the

ighest RSRP. After that, the UE reselects another suitable cell if it has

higher RSRP. If no suitable cell is found, then the UE will seek to

dentify an acceptable cell that allows the UE to initiate emergency

alls and receive warning messages.

Transitioning from RRC IDLE state to RRC CONNECTED state starts

y the time the user initiates a call. The UE starts by selecting the

eighboring target cell with the highest RSRP. If this UE selection re-

uest was rejected, then a barring timer would be triggered and the

E would return back to RRC IDLE state. If the user has managed to

et access to another target cell, the timer will reset.

In RRC CONNECTED state, the UE measurements include: RSRP

evels, physical cell identities, cell global identities, closed subscriber

roup IDs and member Indications. Knowing target cell unique

lobal identities prevents report confusions between the many fem-

ocells expected to be deployed. Moreover, knowing cell subscriber

roup IDs and member indications is also needed when dealing

ith different femtocell access schemes. Finally, RSRP measure-

ents are needed by source eNB/HeNB when making handover

ecisions.

Next handover procedure step shows how these UE measure-

ents assist source eNB/HeNB in making its final handover deci-

ion and target eNB/HeNB in making its final admission control

ecision.
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2.1.2. Handover decision

According to [8], a handover request is sent to the target cell that

has the highest signal strength level, if the user has spent at least 1 s

at the current serving cell and the following condition is met for a

duration of TReselection:

Qmeas,n > Qmeas,s + Qof f sets,n
+ QHysts

where:

Qmeas, n is the neighboring cell RSRP in dBm.

Qmeas, s is the serving cell RSRP in dBm.

Qoffsets,n
is the neighboring cell individual offset as stored in the

serving cell in dB.

QHysts
is the serving cell handover hysteresis margin in dB.

According to [9], QHyst and TReselection can be scaled based on

user mobility state. This state is decided by comparing the num-

ber of UE cell reselections occurring within a predefined duration

against predefined thresholds. Three mobility state outcomes can oc-

cur: high, medium and normal. In addition, both QHyst and TRese-

lection can affect handovers globally. However, Qoffset can affect only

those handovers between a source cell and a specific neighboring cell.

2.1.3. Admission Control

There are three main access schemes in LTE femtocell networks:

• Closed: where subscribers benefit from having secure and exclu-

sive access rights.

• Open: where every user is allowed access which compromises

service quality and security.

• Hybrid: which tries to harness the benefits of both closed and

open access schemes.

Depending on the access scheme adopted by the target cell, the

UE’s handover request can either be denied or granted access. If the

request is denied, then we will have a Handover Failure. Successive

handover failures could lead to a Radio Link Failure. If the handover

request is granted, then handover execution phase followed by han-

dover completion phase will be triggered. If the user spends less than

5 s in the target cell(s) before returning back to the same source cell,

then we will have a Ping Pong Handover.

2.2. Self-optimization network architecture

According to the SON concepts and requirements specified by

3GPP in [10], self-optimization use cases can logically be imple-

mented as a centralized, distributed or hybrid architecture.In cen-

tralized architectures, algorithms run within the core network oper-

ations, administration and management element. On the other hand,

algorithms run locally at each eNB/HeNB in distributed architectures.

In hybrid architectures, algorithms run both centrally at the core net-

work and locally at each eNB/HeNB. None of these architectures have

UEs hosting any significant self-optimization functionalities (i.e. all

functionalities are placed at the network side). This placement is

done purposefully to allow for an economic and maintainable imple-

mentation.

2.3. Handover-related self-optimization

Before elaborating on the three handover-related self-

optimization use cases of interest, we define some commonly

used KPIs as follows:

• Handover Failure Ratio (HOFR): which is the ratio between the

number of handover failures and the total number of handovers

including handover failures and successful handovers.
• Ping Pong Handover Ratio (PPHOR): which is the ratio between

the number of ping pong handovers and the total number of han-

dovers. Notice that successful handovers include ping pong han-

dovers.

• Call Dropping Probability (CDP): which is the ratio between

the number of radio link failures and the number of accepted

calls. Notice that accepted calls include newly initiated calls from

within the cell and calls previously handed over to the cell.

• Call Blocking Probability (CBP): which is the ratio between the

number of call blocks and the summation of newly accepted calls

and call blocks.

Now, we can explain the use cases of interest as follows:

• Handover Self-Optimization (HO-SO): this use case takes place

at the source cell to decrease HOFR, PPHOR and CDP. Otherwise,

tradeoffs are made.

• Call Admission Control Self-Optimization (CAC-SO): this use

case takes place at the target cell to admit as many calls as pos-

sible while maintaining an acceptable level of service for ongoing

calls. This usually decreases HOFR and CDP at the cost of increas-

ing CBP.

• Load Balancing Self-Optimization (LB-SO): this use case takes

place at the source cell to balance network load by forcing it to

move from overutilized cells to underutilized cells. This decreases

HOFR and CBP but increases PPHOR. It can also increase CDP since

load is usually forced to move from overutilized cells with higher

power levels to underutilized cells with lower power levels.

.4. Self-optimization use case interactions

In order to implement these handover-related self-optimization

se cases, several schemes can be adopted where various KPIs and

ontrol parameters can be used. As explained, each use case has its

wn strategy on how the handover process should be enhanced. They

ffect almost the same KPIs which would lead them to interact. Nega-

ive interactions occur when a scheme contradicts or limits the bene-

ts of others, whereas positive interactions occur when schemes help

ach other improve the overall network performance.

. Related work

We start with a survey of related interaction studies to show the

eed for our work. After that, we continue by surveying proposed

nd relevant handover-related self-optimization schemes in order

o identify a representative scheme for each use case. The resulting

hree representative schemes are carried forward in the next sections

s part of our interaction study.

.1. Interaction studies

Interaction between HO-SO and LB-SO is studied in [11]. The HO-

O scheme adjusts QHyst and TReselection when triggered by high

OFR, CDP or PPHOR. Whereas, the LB-SO scheme adjusts Qoffsets

hen triggered by neighboring cells load differences. Both schemes

un periodically with a shorter LB-SO interval compared to HO-SO.

his leads LB-SO to dominate over HO-SO especially in overload con-

itions. Therefore, both [12] and [13] propose that HO-SO should

e stopped from triggering backward handovers after having LB-SO

hifting load from overloaded cells.

Authors in [14] study HO-SO and CAC-SO interaction. The HO-SO

cheme monitors periodically the trend followed by a weighted sum-

ation of HOFR, CDP and PPHOR. If this summation is decreasing,

hen the same optimization direction is followed and the next op-

rating point defined by QHyst and TReselection is selected and vice

ersa. For the CAC-SO scheme, the conventional guard channel pol-

cy is adopted with a dynamic threshold. This threshold is decreased
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Algorithm 1 HO-SO representative scheme [11].

1. Initialize HOFR_TH, CDP_TH and PPHOR_TH

2. while Cell is ON do

3. if an optimization interval has passed then

4. Compute optimization interval HOFR, CDP and PPHOR

5. if HOFR<HOFR_TH and PPHOR<PPHOR_TH then

6. if CDP>CDP_TH then

7. Decrease QHyst and TReselection;

8. else

9. Decrease HOFR_TH, CDP_TH and PPHOR_TH;

10. end if

11. else

12. if CDP≤CDP_TH then

13. Increase QHyst and TReselection;

14. else

15. Increase HOFR_TH, CDP_TH and PPHOR_TH;

16. end if

17. end if

18. end if

19. end while
f HOFR or the ratio of calls with a low throughput is higher than a

redetermined value. If both of these KPIs are lower than this value

nd CBP is higher than another predetermined value, then the guard

hannel policy threshold is increased. In any other case, this thresh-

ld does not change. Both schemes are interacting constructively in

erms of achieving lower HOFR and lower CDP, while no effect is tak-

ng place in terms of PPHOR. Moreover, the CAC-SO scheme benefits

y blocking less calls. The authors in [14] conclude that the overall

nteraction is positive.

Finally, and to the best of our knowledge, no further interac-

ion studies have been published for any combination of the three

andover-related self-optimization use cases of interest. This has led

s to conduct the following surveys.

.2. Handover self-optimization

.2.1. Survey of schemes

Authors in [15] propose a scheme that monitors current cell

oad and type. Without adjusting a specific control parameter, au-

hors propose an empirical formula to modify received UE RSRP

easurements. These modified measurements make handover de-

isions react to current cell load and type while being triggered

y RSRP differences as given in [16]. Therefore, handover decisions

re initiated towards cells with higher RSRP. Using these modified

SRP measurements affects handover decisions and therefore cell

oads.

Other schemes adjust standardized control parameters including

Hyst, TReselection and Qoffsets. In [17], an HO-SO scheme adjusts ei-

her QHyst or TReselection in reaction to handover defect types includ-

ng too early handovers, too late handovers and handovers to wrong

ells. The scheme differentiates between these defects by measur-

ng their resulting HOFR, PPHOR and CDP. Based on these measure-

ents, a decision is made on how to adjust either QHyst or TRese-

ection where the adjustment step size is a function of the average

ailure ratio.

Contrary to [17], authors in [18] choose Qoffset instead of TRese-

ection since Qoffset is cell-pair specific which gives more flexibility in

riggering handovers. They find that depending on user mobility, dif-

erent handover defect types dominate. Therefore, their scheme de-

ides first which handover defect type dominates by monitoring first

oo early handovers, too late handovers, handovers to wrong cells and

ing pong handovers. After that, it reacts to user mobility causing this

andover defect dominance by adjusting the corresponding Qoffsets.

A multi-control parameter adjusting scheme is proposed by [19].

he scheme starts by exchanging with neighboring cells the num-

er of radio link failures, the number of too early handovers and

he number of handovers to wrong cells. If the total summation of

hese events exceeds a predefined threshold, then the scheme checks

hether a global or a local optimization is necessary. If global opti-

ization is necessary, then QHyst and TReselection are adjusted. How-

ver, if local optimization is enough, then only relevant Qoffsets are

djusted. These adjustments are made based on monitored KPIs and

eights given to them by the operator policy.

Three multi-control parameter adjusting schemes are proposed

n the European Union project of Self Optimization and self

onfiguRATion in wirelEss networkS (SOCRATES) [11]. These schemes

re: the Simplified Trend-based scheme, the Trend-based scheme and

he Handover Performance Indicator Sum-based scheme.

The Simplified Trend-based scheme monitors periodically HOFR,

DP and PPHOR. The trend followed by each KPI is determined by

omparing its current value against its predefined threshold. Based

n the trend detected, both QHyst and TReselection are adjusted. For

nstance, if both HOFR and PPHOR are lower than their thresholds and

DP is higher than its threshold, then both QHyst and TReselection will

e decreased and vice versa. However, if all KPIs are higher than their

hresholds, then all thresholds are increased and vice versa.
Contrary to the Simplified Trend-based scheme, the Trend-based

cheme does not run periodically. It compares current KPI measure-

ents against their thresholds and waits for the comparison result to

old for a predefined duration. If these KPI measurements are lower

han their thresholds, then a “good performance” is detected and the

orresponding KPI thresholds are decreased. On the other hand, if

hese KPI measurements are higher than their thresholds, then a “bad

erformance” is detected and the scheme either changes QHyst and

Reselection or increases KPI thresholds. As discussed in [20], the

mpirical criteria for changing QHyst and TReselection is developed

fter conducting a sensitivity analysis for each KPI against all QHyst

nd TReselection combinations.

The Handover Performance Indicator Sum-based scheme moni-

ors periodically an indicator that is defined as a weighted summa-

ion of HOFR, CDP and PPHOR. It compares current indicator value

gainst its last value. If the value is decreasing, then the same op-

imization direction is followed and vice versa. The same empirical

riteria mentioned in [20] is adopted for this scheme. The drawback

ere is that any slight handover performance indicator change may

ause a change in the optimization direction needlessly. Therefore,

ef. [21] proposes preventing the optimization direction from switch-

ng unless the indicator change percentage is higher than a threshold

alled the “Performance Degradation Percentage” (PDP). A T-test is

roposed in [22] to be implemented just before this PDP strategy to

etermine the statistical significance of the difference between cur-

ent and last handover performance indicator values. These improve-

ents yields the Enhanced Handover Performance Indicator Sum-

ased scheme [22].

.2.2. Representative scheme

Surveyed HO-SO schemes are summarized as shown in Table 1

here the Simplified Trend-based scheme proposed by [11] is chosen

s our HO-SO representative scheme for the following reasons:

• It is a multi-control parameter adjusting scheme, which gives

more flexibility in altering handover decisions.

• Both QHyst and TReselection are commonly used standardized

control parameters.

• It is generic and does not rely on any empirical formula.

• Lastly, it is based on monitoring locally processed KPI measure-

ments with no signaling needed.

Algorithm 1 shows the pseudocode for this HO-SO representative

cheme. The scheme starts by initializing operator KPI thresholds.
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Table 1

Handover self-optimization schemes summary.

Scheme Control Technique SON

parameters architecture

H. Zhang et al. Not Adjusting UE RSRP measurements

[15] scheme. applicable in response to cell load and type. Distributed

C. Feng et al. QHyst or Comparing KPIs to decide the

[17] scheme. TReselection handover defect type.

K. Kitagawa et al. Qoffsets Monitoring handover events to

[18] scheme. detect dominant defect type. Centralized

L. Ewe et al. QHyst and Collecting number of events to or hybrid

[19] scheme. TReselection decide whether a global or local

or Qoffsets optimization is needed.

T. Kürner et al. Comparing KPIs against their

[11] Simplified thresholds to detect trends.

Trend-based scheme.

T. Kürner et al. Comparing KPIs against their

[11] Trend-based thresholds and wait for trend

scheme. to hold. Adjustments are made

QHyst and according to an empirical criteria.

T. Kürner et al. TReselection A weighted KPI summation trend Distributed

[11] Handover is detected on which adjustments

Performance Indicator are made according to an empirical

Sum-based scheme. criteria.

I. Balan et al. [22] The Handover Performance

Enhanced Handover Indicator Sum-based scheme is

Performance Indicator enhanced by not responding to

Sum-based scheme. minor performance changes.
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Then, it periodically measures local HOFR, CDP and PPHOR to evalu-

ate how QHyst and TReselection should be changed. Most importantly,

this scheme trades off HOFR and PPHOR with CDP.

3.3. Call admission control self-optimization

3.3.1. Survey of schemes

All CAC-SO schemes surveyed are based on making bandwidth

reservations by using non standardized control parameters. To be-

gin with [23], authors propose a scheme that reserves resources for

non-real-time calls. Authors claim that reserving resources for real-

time calls would still not prevent these delay intolerant services

from getting dropped, whereas reserving resources for non-real-time

calls results in avoiding congestions due to their delay tolerance.

The reserved bandwidth threshold is decreased, if the real-time calls

packet drop rate is higher than a predetermined value, or increased

otherwise.

Contrary to [23], authors in [24] and [25] propose schemes which

do not differentiate between non-real-time and real-time calls but

rather prioritize handover calls over new calls by adopting the con-

ventional guard channel policy with a dynamic threshold. Both [24]

and [25] adjust the same threshold in response to periodical mea-

surements albeit differently. In [24], more resources are reserved for

handovers by decreasing the threshold in response to a high HOFR.

However, the threshold is increased in response to a low HOFR that

lasts for a number of successful handover attempts. This makes the

scheme responds slower to low HOFRs and therefore prevents sys-

tem oscillations. In general, increasing this threshold leads to a lower

CBP.

Similar to [24], the scheme in [25] monitors HOFR, CBP and the

fraction of calls with a low throughput. If this fraction of calls and

HOFR are high, then the dynamic guard channel threshold is de-

creased and vice versa if these KPIs are low but CBP is high. Generally,

increasing the threshold is done slower than decreasing it in order to

prioritize handovers over new calls.

In another work, authors of [26] claim that users have predictable

mobility habits. Therefore, a mobility prediction algorithm is pro-

posed to derive users’ handover probabilities towards neighboring
ells. Neighboring cells, at which these probabilities pass a prede-

ned value, are part of a cell cluster used in making admission deci-

ions. For instance, a new call is admitted, if the summation of these

robabilities to a cluster multiplied by bandwidth availabilities at

his cluster is higher than this summation multiplied by a dynamic

hreshold. This threshold is increased if HOFR is high and vice versa.

owever, handovers are prioritized over new calls by not subjecting

heir admission decisions to this threshold. Finally, and after admit-

ing a new call or a handover, a bandwidth proportional to the de-

ived handover probabilities is reserved in the remaining cells of the

luster.

The work in [27] is the only CAC-SO scheme surveyed that pri-

ritizes handovers over new calls while still differentiating between

eal-time and non-real-time calls. To begin with real-time services,

ew calls are admitted only if the desired amount of bandwidth is

vailable at the target cell and its neighbors, whereas handovers are

rioritized by being satisfied with only the minimum bandwidth.

or non-real-time services, new calls are admitted by only having

he desired amount of bandwidth at the target cell, whereas han-

overs are prioritized by being satisfied with any remaining band-

idth. Therefore, there is no need for reserving bandwidth at neigh-

oring cells when dealing with non-real-time calls. In all cases, the

eserved bandwidth pool is increased if HOFR is high and vice versa.

.3.2. Representative scheme

Surveyed CAC-SO schemes are summarized as shown in Table 2

nd the scheme proposed by [24] is chosen as our CAC-SO represen-

ative scheme for the following reasons:

• It is based on the most commonly used dynamic guard channel

policy which prioritizes handovers over new calls.

• It monitors the locally processed HOFR and therefore no signaling

is needed.

Algorithm 2 shows the pseudocode. However, we have modified

he scheme, as shown in lines 6–10 and 15–20, to account for the

obile operator’s CBP threshold and to allow for adjustable mobile

perator thresholds. The scheme starts by initializing the operator

PI thresholds. Then, it periodically measures local HOFR and CBP in
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Table 2

CAC self-optimization schemes summary.

Scheme Control Technique SON

parameters architecture

S. Jeong Adjustments are made in response

et al. [23] to the packet drop rate. The goal

scheme is to avoid real-time calls dominance.

Y. Zhang Adjustments are made in response

et al. [24] to HOFR only. The goal is to

scheme prioritize handovers over new calls. Distributed

K. Spaey Adjustments are made in response

et al. [25] to HOFR, CBP and the fraction of

scheme calls with a low throughput. The

goal is to prioritize handovers over

new calls.

F. Yu Adjustments are made in response

et al. [26] CAC to HOFR. However, bandwidth

scheme guard reservations are made at cells where

channel the derived user handover probability

policy exceeds a certain threshold, and these

dynamic reservations are proportional to these

threshold handover probabilities. The goal is to

prioritize handovers over new calls.

C. Oliveira Adjustments are made in response Centralized

et al. [27] to HOFR. Moreover, real-time calls or hybrid

scheme are not admitted unless other

bandwidth reservations are made at

neighboring cells. Non-real-time

calls do not require that. This

difference in treatment ensures that

real-time calls do not dominate.

Finally, handovers are prioritized

over new calls by not requiring as

much bandwidth at admission phase.

Algorithm 2 CAC-SO representative scheme [24].

1. Initialize HOFR_TH and CBP_TH

2. while Cell is ON do

3. if an optimization interval has passed then

4. Compute optimization interval HOFR and CBP

5. if HOFR≥ α1×HOFR_TH and NHOF>0 then

6. if CBP≤CBP_TH then

7. Decrease CAC_TH;

8. else

9. CAC_TH=CAC_TH;

10. end if

11. end if

12. if HOFR≤α2×HOFR_TH and NSHO≥NSHO_TH then

13. Increase CAC_TH;

14. end if

15. if HOFR<HOFR_TH and CBP<CBP_TH then

16. Decrease HOFR_TH and CBP_TH;

17. end if

18. if HOFR>HOFR_TH and CBP>CBP_TH then

19. Increase HOFR_TH and CBP_TH;

20. end if

21. end if

22. end while
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rder to evaluate how the guard channel policy’s dynamic threshold

CAC_TH) should be adjusted. The two parameters (α1 and α2) are

sed to prevent oscillations, where α1 > α2 and both α1&α2 < 1.

esponses to high HOFR are accelerated by including the Number

f Handover Failures (NHOF), whereas responses to low HOFR are

lowed down by including the Number of Successful Handovers

NSHO). This gives handovers a higher priority over new calls. Most

mportantly, this scheme trades off HOFR with CBP.
.4. Load balancing self-optimization

.4.1. Survey of schemes

All LB-SO schemes surveyed balance network load by controlling

ell coverage areas either by adjusting transmission powers or Qoffsets.

n exchange of load information between cells is always needed

hich generates signaling overhead.

In [28], a scheme is proposed that is based on adjusting trans-

ission power level in response to current cell load. It starts by ex-

hanging load information between cells. The average of these loads

s compared against current cell load, if this average load is lower

han current cell load, then current cell power level is decreased and

ice versa. However, adjusting power might cause gaps and overlaps.

herefore, authors develop another scheme that adjusts the mini-

um power level a cell can reach. This is done by monitoring CDP,

nd if it is high, then a gap is detected and the minimum power level

s increased. The opposite applies when detecting coverage overlaps.

Authors in [29] claim that adjusting power levels risks the net-

ork with more coverage overlaps and gaps. Therefore, they pro-

ose a scheme that adjusts Qoffsets instead. It starts with Qoffsets set to

ero. Then, cell load measurements are exchanged periodically and

offsets are adjusted accordingly. Qoffsets are increased at cells with a

oad lower than neighboring cell loads and vice versa. However, if the

bsolute load difference is lower than a certain threshold, then no

djustment is made.

Several other schemes adjust Qoffsets. In [30], authors propose that

offsets should be adjusted in response to CBP differences between dif-

erent cells. This difference along with the current Qoffset values are

sed as inputs to a fuzzy logic algorithm in order to make the Qoffset

djustment decisions.

The authors in [31] propose a Qoffset adjusting scheme. The scheme

s based on an autonomic flowing water balancing method inspired

y the connected vessels theories in physics. With this method, each

ell monitors its load, detect overload situations and adjust Qoffsets.
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Table 3

Load balancing self-optimization schemes summary.

Scheme Control Technique SON

parameters architecture

I. Ashraf Transmission Neighboring cell loads average

et al. [28] power levels is compared against current cell

scheme load to adjust cell power level.

The minimum power level is

adjusted based on CDP to

prevent gaps and/or overlaps.

R. Kwan Qoffsets are adjusted in

et al. [29] accordance with cell load

scheme differences

P. Muñoz Neighboring cell CBPs and

et al. [30] Qoffsets are fed to a fuzzy logic

scheme Qoffsets controller that decides how

Qoffsets should be adjusted Centralized

H. Zhang The scheme is based on a method or hybrid

et al. [31] inspired by the connected vessels

scheme theories where each cell detects

overloads and adjusts Qoffsets

accordingly

J. Aviles Qoffsets and This scheme adjusts both of

et al. [32] Transmission Qoffsets and transmission power

scheme power levels levels using fuzzy logic

controllers. However, the ping

pong parameter should be high

before allowing power levels to

be adjusted and risking the

network with more gaps and/or

overlaps

Algorithm 3 LB-SO representative scheme [29].

1. Initialize Load_Diff_TH

2. while Cell is ON do

3. if an optimization interval has passed then

4. for all neighboring cells do

5. Collect last optimization intervalCLn

6. end for

7. for all neighboring cells do

8. if CLn − CLs >Load_Diff_TH then

9. Increase Qof f sets,n
;

10. end if

11. if CLn − CLs <Load_Diff_TH then

12. Decrease Qof f sets,n
;

13. end if

14. if abs(CLn − CLs) ≤Load_Diff_TH then

15. Qof f sets,n
= Qof f sets,n

;

16. end if

17. end for

18. end if

19. end while

Fig. 3. Network topology.
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The work in [32] is the only LB-SO scheme surveyed that adjusts

both transmission power levels and Qoffsets. Similar to [30], both of

these adjustments are made using a fuzzy logic controller. For the

Qoffset adjustments, the inputs are current Qoffsets and cell load ratio

differences, whereas outputs are the adjusted Qoffsets. For the power

adjustments, the inputs are the load ratio difference, the difference

between the current cell transmission power level and its default

level, and another input called the ping pong parameter. The outputs

are the required transmission power levels.

3.4.2. Representative scheme

Surveyed LB-SO schemes are summarized as shown in Table 3 and

the scheme proposed by [29] is chosen as our LB-SO representative

scheme for the following reasons:

• It avoids causing coverage gaps and overlaps by not adjusting cell

transmission powers

• It adjusts the commonly used standardized Qoffset control param-

eters.

Algorithm 3 shows the pseudocode. This scheme starts by initial-

izing the operator load difference threshold (Load_Diff_TH). Then, it

periodically measures the serving cell load (CLs) and the neighbor-

ing cell loads (CLn) in order to evaluate whether Qoffset should be

decreased, increased or stay the same. All of these adjustments are

processed locally after gathering load information from neighboring

cells. Most importantly, this scheme trades off PPHOR with CBP and

HOFR.

4. Simulation environment

4.1. Scenario

The network topology is the dual-stripe shown in Fig. 3. At each

apartment of the 16 shown, there is a femtocell dropped randomly.

The whole dual stripe block is located at the intersection area of
hree macrocell sectors where the macrocellular tier coverage is ex-

ected to be limited. This weak macrocell coverage should lead UEs

o rarely choose macrocells for their new call and handover requests

nd therefore our network performance would capture, as much as

ossible, the effect of schemes being studied and implemented only

n the femtocellular tier. Meanwhile, macrocellular tier interference

ffect would still be captured. In fact, surrounding the three macrocell

ectors mentioned are two rings of 3-sector macrocells to account for

he macrocell tier interference effect.

Both indoor and vehicular outdoor users are assumed in the dual

tripe block. A fixed load is assumed for macrocells including outside

he dual stripe block. This fixed load assumption is made to ensure

ncluding macrocellular tier interference. We have verified in the up-

oming Section 5 that varying macrocellular tier load has no effect on

nal results. We attribute this to the weak signal and interference re-

eived by indoor and outdoor UEs from these distant macrocells and

herefore these macrocells are rarely chosen while having minor in-

erference effect reaching femtocells located at the dual stripe block.

Within 5 s of simulation time, each user starts sending a new call

equest. No mobility-based scaling factors are assumed and the same

tandardized cell barring technique is assumed for handover failures.

he adoption of this barring technique is based on the fact that re-

ected handover requests would most probably be rejected anyway if

hey were sent to the same target cell within a short time after the

rst handover failure.

In order to comply with NGMN recommendations [33], we have

dopted the traffic mix: 30% VoIP, 20% interactive Gaming, 20% Near

eal-Time Video Streaming, 20% HTTP and 10% FTP service. For VoIP,

aming and Near-Real-Time Video Streaming services, active and idle

all durations are drawn from exponential distributions. Whereas,
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Table 4

Simulation scenario assumptions.

Item Assumption

Center carrier frequency 2 GHz

Downlink System Bandwidth 3 MHz

Macrocell intersite distance 1732 m

Macrocell DL TX power level 43 dBm

Maximum femtocell 20 dBm

DL TX power level

Indoor users mobility model Random walk mobility model

with bouncing back 30 km/h

5 vehicles speed

Initial barring timer value 15 s

UE class’s peak data rate 10 Mbps

Minimum acceptable SINR level −10 dB

UE receiver sensitivity −110 dBm

Table 5

Active & idle call duration means.

Service type Active call duration mean Idle duration mean

VoIP 5 min 5 min

Gaming 10 min 5 min

Near real-time 20 min 5 min

Video streaming

Fig. 4. Simulator overall structure.
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1 We do not account for SF if R < 1m.
2 If LI = 0, then RSRPIC2UE coming from this cell should be ignored.
oth HTTP and FTP services are assumed to be continuously down-

oading webpages and files after finishing the reading of a previous

ne. Most importantly, every user sticks to the same single service

ype throughout the entire simulation time. Tables 4 and 5 summa-

ize main simulation scenario assumptions and call duration means,

espectively.

.2. Simulator structure

Our MATLAB-written discrete event simulator structure is shown

n Fig. 4. It is composed of nine modules where unidirectional ar-

ows show that some modules just receive/send from/to others while

idirectional arrows show mutual exchanges of information. The goal

s to simulate the standardized LTE handover procedure while al-

owing us to study interactions between the handover-related self-

ptimization use cases of interest.
The Initialization Module initializes User Mobility Module and

raffic Generation Module to start generating users’ mobility and

raffic events, respectively. The Initialization Module interacts with

hannel Module when computing initial femtocell power levels

ince this Channel Module provides shadow fading and SINR values

eeded by all other modules.

The Handover Decision Module represents the handover deci-

ion functionality at the source cell and reacts to both user mobility

nd traffic events. To make handover decisions, this module consults

hannel Module for neighboring cells RSRP measurements. These

ecisions are sent afterwards to Call Admission Control Module

hich represents the CAC functionality at the target cell. Based on

urrent target cell load and initial bandwidth reservations made by

hannel Module, these decisions may get rejected which can cause

all blocks or drops. Traffic Generation Module needs to get updated

f such events to bring users back into the system.

For granted handovers and new calls, we have assumed a fixed

ore network signaling delay. After this delay, final bandwidth allo-

ations are made by Bandwidth Allocation Module based on Chan-

el Module bandwidth estimations. Therefore, Bandwidth Alloca-

ion Module may find that some calls have low bandwidth and can

o longer be sustained. Again, Traffic Generation Module needs to

et updated of such call drop events.

Finally, Handover Decision Module is responsible for handover

ecisions through its QHyst, TReselection and Qoffset control param-

ters. Whereas, Call Admission Control Module is responsible for

dmission decisions through its conventional guard channel policy

hreshold. With the introduction of Self-optimization Module, these

ontrol parameters are adjusted in response to KPI changes as de-

ected, collected and sent by Report Generation Module. The Report

eneration Module outputs final results and enables real time moni-

oring. Next, we go through each module in brief while further details

an be found in our thesis work in [34].

.2.1. Initialization module

This module initializes user and access point states. It also sets

emtocells’ downlink transmission power levels based on the mea-

urement based method followed by [35]. However, thermal noise,

hadow fading, all interfering macrocell and femtocell signals are

onsidered this time. The objective is to achieve a zero-dB SINR at

he apartment edge. Indeed, this is done by interacting with Channel

odule.

.2.2. Channel module

Based on the Small Cell Forum SINR computation assump-

ions [36] summarized in Table 6, this module provides other mod-

les with RSRP and SINR measurements needed after computing

hadow fading maps. These maps are generated according to the

orrelation matrix based method followed in [37]. Afterwards, they

re used to compute the auto-correlated shadow fading values. With

hese shadow fading values, we have:1,2

SRPSC2UE = Pt − 10 log10 (NAS) + GCell + A(θ) − PL − SF + GUE

SRPIC2UE = Pt − 10 log10 (NAS) + 10 log10 (LI) + GCell + A(θ)

− PL − SF + GUE

thermal = −174 + 10 log10 (� f ) + NF

INRSub = RSRPSC2UE −
(

Nthermal + 10 log10

(
NIC∑
i=1

10RSRPICi2UE/10

))
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Table 6

SINR computation assumptions.

Item Assumption

Macrocell antenna type 3-sector antenna

Macrocell antenna bore-sight It points towards flat side of the cell

Macrocell antenna azimuth pattern (dB) A(θ) = −min

[
12

(
θ
70

)2
, 20

]
where −180 ≤ θ ≤ 180

TX-RX separation distance (metre) R

Distance inside the house (metre) d2D, indoor

Outdoor UE to macrocell path loss (dB) PL = 15.3 + 37.6 log10 R

Indoor UE to macrocell path loss (dB) PL = 15.3 + 37.6 log10 R + 10

Macrocell antenna gain GCell(macro) = 14 dBi

including the cable loss (dBi)

Femtocell antenna type Omnidirectional

Femtocell antenna azimuth pattern (dB) A(θ) = 0

UE to femtocell path loss (dB) PL = 127 + 30 log10 ( R
1000

)

Path loss if R < 1m (no shadowing) (dB) PL = 38.46 + 20 log10 R + 0.7d2D,indoor

Femtocell antenna gain GCell( f emto) = 5 dBi

including the cable loss (dBi)

User antenna gain GUE = 0 dBi

including the cable loss (dBi)

Thermal noise density (dBm/Hz) −174 dBm/Hz

Subcarrier frequency spacing (kHz) � f = 15 kHz

UE noise figure (dB) NF = 9 dB
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where:

RSRPSC2UE is the Serving Cell RSRP received per UE subcarrier in

dBm.

Pt is the total cell transmitted power in dBm.

NAS is the serving cell number of Active Subcarriers.

SF is the auto-correlated Shadow Fading value in dB.

RSRPIC2UE is the Interfering Cell RSRP received per UE subcarrier in

dBm.

LI is the Interfering cell load which could vary from 0 to 1

for a fully loaded cell.

Nthermal in the thermal Noise in dB.

SINRSub is the user’s SINR measurement per UE Subcarrier in dB.

NIC is the number of Interfering Cells, where all cells are con-

sidered in the interference computation.

As it can be seen from the above equations, we assume no fast

fading similar to [38]. In addition, and similar to [39], a flat power

spectral density is assumed which means that power allocated for

each subcarrier equals the total cell’s transmission power divided by

the number of active subcarriers. Finally, we assume that intra-cell

interference is eliminated and that inter-cell interference depends

on the interfering cell loads which can be used as an indication for

the probability of causing interference. This simplified method of

computing the inter-cell interference is adopted by several authors

including [40–42].

4.2.3. User mobility module

This module generates mobility events of both indoor and vehic-

ular users. Indoor users move according to a random walk mobil-

ity model, whereas vehicles move in a predefined path with a fixed

speed. All user locations are set initially by the Initialization Module

and then gets sent to other modules as needed.

4.2.4. Traffic generation module

In what follows, we briefly explain the five traffic sources adopted

according to [37], their call dropping and blocking criteria:

VoIP

During a voice call there are active and inactive periods. Both are

modeled with exponential distributions of a 1.25 s mean. We simu-

late the active period as a 16 kbps Constant Bit Rate (CBR) service,

whereas the inactive period is assumed to be completely silent. Our
ssumption of a 16 kbps CBR came from the 12.2 kbps adaptive multi-

ate voice encoding scheme adopted with the link adaptation dis-

bled, and from assuming that for every 320 bits of voice packets

here is a payload of only 244 bits. In fact, disabling link adaptation

nd using the full rate of 12.2 kbps captures the channel’s worst case

cenario. For the dropping and blocking criteria, we assume that a

oIP call is blocked or dropped if at any point in time there are no

ufficient resources to provide the 16 kbps throughput required.

nteractive gaming

Similar to voice, interactive gaming is a real-time service. The first

ownlink Gaming packet starts, with a random uniform distribution,

ithin the first 40 ms of starting the call. Since the average downlink

aming packet size is 380 bytes, including the 2-byte User Datagram

rotocol (UDP) header, and the average downlink packet arrival time

s 52 ms, we assume a CBR service of 57 kbps throughput. These av-

rage values are decided after considering about 1 million samples of

acket sizes and packet arrival times according to the distributions

iven in [37]. Similar to VoIP calls, we assume that a Gaming session

s blocked or dropped if at any point in time there are no sufficient

esources to provide the 57 kbps throughput required.

ear real-time video streaming

To simulate the video streaming packet behavior, we follow the

packets per 100 ms frame rule and the packet or “slice” size’s

runcated Pareto distribution with 100-byte mean and the maximum

acket size of 250 bytes. Moreover, the additional 4-byte RTP/UDP/IP

eader is also considered.

At the beginning of the simulation, we assume that the user’s

ideo playout buffer is full with the video streaming bits necessary for

dejittered 64 kbps video streaming service for the next 5 s. In order

o prevent the user’s video playout buffer from getting dry due to the

4 kbps video streaming service at the user side, we need to provide

his user buffer with the accumulated streaming video bits sched-

led at the base station buffer in a near-real-time fashion. This also

revents the base station scheduler buffer, which also has a 5-second

ejittering window, from getting into overflow. Otherwise, the Video

treaming user is considered in outage.

TTP

Each webpage has a main object and several embedded objects.

fter downloading the main object, a parsing time is needed. Fol-

owing that, the downloading of the embedded objects will start, and

hen it ends the webpage will be ready for viewing.

According to [37], main objects are modeled by a lognormally dis-

ributed size with a mean of 10710 bytes and a standard deviation of

5032 bytes. This distribution is truncated at the minimum value of

00 bytes and the maximum value of 2 MB. The time needed to parse

his main object follows an exponential distribution with a mean of

.13 s.

For the embedded objects, each object is modeled by a lognor-

ally distributed size with a mean of 7758 bytes and a standard devi-

tion of 126168 bytes. This distribution is truncated at the minimum

alue of 50 bytes and the maximum value of 2 MB. The number of

hese embedded objects follows a truncated Pareto distribution with

mean of 5.64 and a maximum value of 53.

All of the above mentioned object sizes need to be adjusted to ac-

ount for the one 40-byte IP header in each Maximum Transmission

nit (MTU), where the size of a single MTU is found to be 1500 bytes

n 76% of the packets and 576 bytes in 24% of the packets. More im-

ortantly, this MTU size is fixed between all the different object types

n each single webpage. The time needed to read the webpage, after

ownloading all of these different objects, follows an exponential dis-

ribution with a mean of 30 s. Finally, an HTTP user is considered in

utage if the average service throughput is less than the minimum

equired throughput of 128 kbps.
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Fig. 5. KPIs against macrocellular tier load.
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TP

According to the FTP evaluation methodology given in [37], the

le size is lognormally distributed with a mean of 2 MB and a stan-

ard deviation of 0.722 MB. This distribution is truncated at the max-

mum value of 5 MB. Similar to HTTP, the file size is adjusted to ac-

ount for the one 40-byte IP header in each MTU, where the size of a

ingle MTU is found to be 1500 bytes in 76% of the packets and 576

ytes in 24% of the packets. The reading time of this file size follows

n exponential distribution with a mean of 180 s. Finally and simi-

ar to HTTP users, an FTP user is considered in outage if the average

ervice throughput is less than the minimum required throughput of

28 kbps.

.2.5. Handover decision module

This module executes UE neighborhood discovery scanning by in-

eracting with the Channel Module. A user’s call is dropped or blocked

f no detectable cell is found. After the neighborhood discovery, this

odule makes handover decisions based on received UE RSRP list and

urrent source cell’s QHyst, TReselection and Qoffsets.

.2.6. Call admission control module

After interacting with the Channel Module and based on cur-

ent target cell load and bandwidth reservations made, the target

ell decides whether to admit a request or not. This can be done by

dopting the conventional guard channel policy. If a handover re-

uest is granted, then this initiates handover execution and com-

letion phases. Otherwise we have either a handover failure or just

call block where both cases initiate a barring timer. In all cases,

e assume that no bandwidth allocation yields more than 10 Mbps
nd less than −10 dB SINR. According to [36], the throughput can

e estimated using the attenuated and truncated Shannon’s Capac-

ty formula. When using this formula, the attenuation, or as it is

ometimes called, the Correction Factor [43], is considered to account

or the inherent implementation losses, including the Cyclic Prefix

CP) Loss and the Reference Symbol Loss as explained in [43]. There-

ore, and assuming the LTE OFDMA RAT, Shannon’s capacity formula

ecomes:

hroughputtotal = F × B × log2 (1 + 10SINRsub/10)

nd:

= CyclicPrefixLoss × ReferenceSymbolLoss

yclicPrefixLoss = Tf rame − TCP

Tf rame

eferenceSymbolLoss = NSC × NS/2 − 4

NSC × NS/2

= NSC × NS × Nrb

Tsub

here:

Throughputtotal is the total throughput received by the user in bps.

F is the attenuation or the Correction Factor.

B is the bandwidth allocated to the user in Hz.

Tframe is the duration of one OFDMA frame ( = 10 ms).

TCP is the total CP time of all the OFDMA symbols within

one frame, which equals: (5.2 μs + 6 × 4.69 μs) ×
20 = 666.8 μs.
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Fig. 6. Representative schemes KPIs against number of users.
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NSC is the number of subcarriers in one Physical Re-

source Block (PRB), which equals 12 subcarriers.

NS is the number of OFDMA symbols in one subframe,

which equals 14 symbols assuming that the normal

CP is set.

Nrb is the number of PRBs allocated to the user, where

each PRB has a bandwidth of 180 kHz that can only

be used by one user; i.e. it is the smallest bandwidth

unit that can be allocated.

Tsub is the duration of one OFDMA subframe ( = 1 ms).

After having the target cell granting a handover request or a new

call request, we assume accordingly a constant delay.

4.2.7. Bandwidth allocation module

After interacting with the Channel Module, this module allocates

final resources for handover and new call requests. It monitors call

statuses to check if some calls meet the dropping criteria explained

previously in the Traffic Generation Module, or if some calls have a

low SINR level. Notice that throughputs are estimated using Shan-

non’s Capacity formula.

4.2.8. Self-optimization module

This module is where all of our femtocell self-optimization

schemes are implemented and studied. It is fed by the Report Gen-

eration Module with needed KPIs in order to adjust accordingly the

fixed control parameters of both the Handover Decision Module and

the Call Admission Control Module.
.2.9. Report generation module

This module provides the user interface throughout the entire

imulation time. This interface shows remaining simulation time, in-

ividual cell loads and all KPI statistics of interest. This module can

lso produce an AVI video file for the entire simulation time, user

races and cell traces for validation purposes.

. Experiments

As mentioned previously in Section 4, we have first proven that no

ffect takes place when varying macrocellular tier load. Then repre-

entative schemes are validated followed by experimentation of their

utual interactions. The following abbreviations are used through-

ut upcoming experiments:

• HOCAC-SO: stands for the interaction between HO-SO and CAC-

SO schemes.

• HOLB-SO: stands for the interaction between HO-SO and LB-SO

schemes.

• CACLB-SO: stands for the interaction between CAC-SO and LB-SO

schemes.

• HOCACLB-SO: stands for the interaction between all representa-

tive schemes; i.e. HO-SO, CAC-SO and LB-SO schemes.

.1. Macrocellular tier load effect

In this experiment, the macrocellular tier load is varied while

dopting the same static control parameter setting. Fig. 5 shows that

lmost no effect takes place in terms of HOFR, CDP, CBP and PPHOR.
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Fig. 7. HOCAC-SO interaction KPIs against number of users.
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e attribute this to the fact that users rarely choose macrocells due

o their weak signal.

.2. Individual scheme experiments

Fig. 6 shows representative schemes performance in terms of

OFR, CDP, CBP and PPHOR. We notice that in femtocell environ-

ents, PPHOR is high which leads the HO-SO scheme to aggressively

ncrease its QHyst and TReselection parameters while decreasing the

umber of outbound handovers, PPHOR and HOFR. However, this

eads these outbound handovers to be locked to a femtocell that has

signal strength that is lower than its neighbors which eventually

eads to call drops, an increased CDP, a less utilization and therefore

less CBP.

We also notice that CAC-SO scheme prioritizes handovers over

ew calls which leads to more new call blocks, less handover fail-

res and therefore less call drops. Less call drops are due to the fact

hat users are getting their handover requests granted. However, this

cheme does not clearly differentiate between normal and ping pong

andovers, which means no clear effect on PPHOR.

Finally, LB-SO scheme always tries to balance the load as soon as

t discovers a tangible load difference. This balancing enhances the

hances for new calls and handovers of finding bandwidth which

ecreases both HOFR and CBP while increasing PPHOR. However, and

ince the main cell selection/reselection criterion is based on choos-

ng the cell with the highest signal strength, most of the overutilized

ells would be the cells with the highest downlink transmission

ower levels and vice versa. Therefore, this load balancing technique

orces users to leave the higher power overutilized cells to the lower
ower underutilized cells which means a higher interference for

hese users and as a result an increased CDP.

.3. Interaction experiments

.3.1. HOCAC-SO schemes interaction

Fig. 7 shows this performance interaction in terms of HOFR, CDP,

BP and PPHOR. We find that the CAC-SO scheme at the target fem-

ocell guards some resources to the handover requests initiated by

he HO-SO scheme at the source femtocell. This makes the CAC-SO

cheme share the burden of decreasing HOFR with the HO-SO scheme

nd overall we have an even less HOFR. The HO-SO scheme is now us-

ng a bit smaller QHyst and TReselection parameters and therefore we

ave a slight CDP decrease but a slight PPHOR increase. In addition,

he CAC-SO scheme now neither needs to reserve as many resources

or handovers nor block as many new calls. Therefore, the system ex-

eriences a slight CBP decrease.

.3.2. HOLB-SO schemes interaction

Fig. 8 shows this performance interaction in terms of HOFR, CDP,

BP and PPHOR. The HO-SO scheme attempts to limit the number of

utbound handovers in order to decrease HOFR. This strategy con-

radicts the LB-SO scheme strategy and therefore leads the LB-SO to

erform sub-optimally in terms of decreasing HOFR and CBP. How-

ver, the HO-SO scheme is now observing less HOFR, with the help of

he LB-SO scheme, which leads to smaller HO-SO control parameters.

his causes a slight CDP decrease and a slight PPHOR increase. In fact,

PHOR is still much lower than what it used to be when the LB-SO

cheme was operating separately due to the HO-SO scheme effect.
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Fig. 8. HOLB-SO interaction KPIs against number of users.
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5.3.3. CACLB-SO schemes interaction

Fig. 9 shows this performance interaction in terms of HOFR, CDP,

CBP and PPHOR. The LB-SO scheme has found channels for its out-

bound handover decisions reserved by the CAC-SO scheme at the tar-

get cells, which results in further decreasing HOFR. This in fact has

spoiled the LB-SO scheme by allowing it to initiate even more han-

dovers from the overutilized high power cells towards the underuti-

lized low power cells, and therefore causing more call drops. How-

ever, the CAC-SO scheme is no longer blocking as many new calls as it

used to do before. But since the CAC-SO scheme is still taking part in

the process of decreasing HOFR, the CAC-SO scheme is still causing a

high CBP. For the PPHOR, the LB-SO scheme still causes a high PPHOR.

However, no clear interaction effect is observed in terms of PPHOR.

5.3.4. HOCACLB-SO schemes interaction

Fig. 10 shows our HOCACLB-SO interaction results in terms of

HOFR, CDP, CBP and PPHOR. In what follows we discuss these results:

Effects of adding LB-SO to HOCAC-SO

Introducing LB-SO scheme into HOCAC-SO interaction lowers

HOFR. From earlier experiments, we have noticed that LB-SO scheme

cooperates positively with both HO-SO and CAC-SO schemes in terms

of decreasing HOFR. Although, LB-SO scheme has not taken its full

potential after interacting with HO-SO scheme. Further decrease in

HOFR leads HO-SO scheme to use lower control parameters which

results in more outbound handovers and a higher PPHOR. However,

interacting with CAC-SO scheme has almost no clear PPHOR effect.

LB-SO scheme provides a mixed interaction result when it is intro-

duced with the HOCAC-SO interaction in terms of CDP; LB-SO scheme
hould increase CDP after interacting with CAC-SO scheme but de-

rease CDP after interacting with HO-SO scheme. Interestingly, the

OLB-SO interaction CDP decrease dominates and causes a lower

DP. This should be attributed to the fact that introducing LB-SO

cheme into HOCAC-SO interaction would lead LB-SO scheme to de-

rease the number of handover failures even further and therefore

auses HO-SO scheme to relax and cause even less call drops. Finally,

ntroducing LB-SO scheme into HOCAC-SO interaction causes clearly

ven lower call blocks.

ffects of adding CAC-SO to HOLB-SO

Introducing CAC-SO scheme into HOLB-SO interaction leads to a

ower HOFR since CAC-SO scheme interacts positively with both HO-

O and LB-SO schemes in terms of decreasing HOFR. However, CAC-

O scheme increases CDP of the HOLB-SO interaction since CAC-SO

cheme increases CDP to a larger extent, after interacting with LB-SO

cheme, than decreasing CDP after interacting with HO-SO scheme.

inally, CAC-SO scheme definitely increases CBP, while almost making

o major PPHOR change.

ffects of adding HO-SO to CACLB-SO

Introducing HO-SO scheme into CACLB-SO interaction limits LB-

O scheme’s ability in terms of decreasing HOFR and CBP. Therefore,

oth of these KPIs slightly increase despite the fact that HO-SO and

AC-SO schemes cooperate in achieving a lower HOFR. Moreover, in-

roducing HO-SO scheme also increases CDP. In fact, introducing HO-

O scheme always increases global CDP. This drawback comes with

he advantage of a decreased PPHOR.
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Fig. 9. CACLB-SO interaction KPIs against number of users.

Table 7

Scheme advantages and disadvantages.

Scheme Advantages Disadvantages

HO-SO With mostly higher QHyst and With mostly higher QHyst

TReselection, we have a lower and TReselection, we have

HOFR and a lower PPHOR a higher CDP and therefore

a lower CBP

CAC-SO With channel reservations, we With channel reservations,

have a lower HOFR and therefore we have a higher CBP. But

a lower CDP no differentiation between

handover types and therefore

no clear effect on PPHOR.

LB-SO With a balanced load, we have With more forced handovers,

a lower HOFR and a lower CBP we have a higher CDP and

a higher PPHOR
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. Discussion

We begin our discussion by summarizing previously observed

dvantages and disadvantages introduced in LTE femtocell environ-

ents by each scheme and interaction as shown in Tables 7 and 8,

espectively. While classifying a certain interaction outcome as an

dvantage or a disadvantage, we compare this outcome against its

ounterpart in the static setting.

In Table 9, we give the performances of the different schemes and

nteractions a ranking (in terms of a set of signed and sequenced in-

eger numbers). Positive numbers indicate a KPI increase in compar-

son to the static setting, while the opposite holds true for the neg-

tive numbers. The sequence of these numbers indicate the relative
erformance of a certain KPI against its counterparts from the other

chemes and interactions. A “zero” means that there is no clear effect

emonstrated. The bolded numbers in the table indicate the schemes

r the interactions at which each KPI performance is the lowest or the

ost desired among its counterparts.

From the comparisons made in Table 9, we deduce that if we are

erely interested in achieving the lowest value for each KPI indepen-

ent from its accompanying values of the other KPIs, then the follow-

ng guidelines can be recommended:

• To decrease HOFR, both of CAC-SO and LB-SO schemes should op-

erate simultaneously, while HO-SO scheme should be disabled.

This is due to the fact that, even though all of the handover-

related self-optimization schemes under study caused HOFR to

decrease when separate, introducing HO-SO scheme with the LB-

SO scheme limits LB-SO scheme’s potential in decreasing HOFR.

In fact, this LB-SO scheme restriction imposed by HO-SO scheme

negates the slight advantage introduced by HO-SO scheme when

it interacts with CAC-SO scheme.

• To decrease CDP, HO-SO and LB-SO schemes should be disabled.

CAC-SO scheme only should be enabled, since it is the only

scheme that decreases CDP.

• To decrease CBP, HO-SO and CAC-SO schemes should be disabled

and LB-SO scheme only should be enabled. HO-SO scheme is dis-

abled to avoid restricting LB-SO scheme from giving its full poten-

tial in terms of decreasing CBP. For the CBP decrease introduced by

HO-SO scheme, this decrease is in fact a side effect of the CDP in-

crease introduced by the HO-SO scheme which should be avoided

at all costs.
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Table 8

Interaction advantages and disadvantages.

Interaction Advantages Disadvantages

HOCAC-SO CAC-SO reserves channels for the HO-SO still causes a

fewer number of handovers initiated higher CDP, but due to the

by HO-SO and therefore we have an CAC-SO relief, lower

even lower HOFR CDP is achieved

PPHOR still decreases but with CAC-SO still causes

CAC-SO, HO-SO is relieved and high CBP, but due to the

therefore less active in lowering HO-SO relief, lower CBP

PPHOR compared to the case when is achieved

it is operating alone

HOLB-SO LB-SO still decreases HOFR and HO-SO still increases

CBP but to a lesser degree, due to CDP but to a lesser

the HO-SO restriction degree, due to the

HO-SO still decreases PPHOR but to LB-SO relief

a lesser degree, due to the LB-SO

relief

CACLB-SO CAC-SO reserves channels for the LB-SO finds more

handovers initiated by LB-SO and channels reserved for

therefore we have an even lower its forced handovers

HOFR which causes an even

higher CDP

CAC-SO still increases

CBP, but to a lesser degree,

due to the LB-SO relief.

LB-SO still increases

PPHOR with CAC-SO

having no clear effect

HOCACLB-SO Still decreases HOFR more than CDP and CBP are higher

any other interaction except for than any other interaction

CACLB-SO due to having HO-SO except for HOCAC-SO,

restricting LB-SO due to LB-SO

Still decreases PPHOR as much as

what HOLB-SO does, since CAC-SO

does not have a clear effect on PPHOR.

In addition, PPHOR is now decreased

but still higher than what HOCAC-SO

does due to LB-SO

Table 9

Comparing schemes and interactions.

KPI HO CAC LB HOCAC HOLB CACLB HOCACLB

-SO -SO -SO -SO -SO -SO -SO

HOFR −1 −1 −4 −2 −3 −5 −4

CDP +6 −1 +1 +5 +3 +2 +4

CBP −1 +4 −3 +3 −2 +1 +2

PPHOR −3 0 +1 −2 −1 +1 −1
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• To decrease PPHOR, HO-SO scheme only should be enabled while

disabling other schemes. This is because LB-SO scheme increases

PPHOR, while CAC-SO scheme aids HO-SO scheme and causes it

to use even lower control parameter values which triggers more

ping pong handovers.

We believe that following this list of actions would help in design-

ing better coordination policies between the interacting HO-SO, CAC-

SO and LB-SO use cases, especially in LTE femtocell environments

where a large number of handovers takes place.

7. Conclusion and future work

One way to enable LTE technology is to deploy femtocells at

large. These femtocells have control parameters to be adjusted in

order to meet certain KPI objectives. Adjusting these control pa-

rameters quickly and automatically can only be made through self-

optimization use case implementations. However, these use cases

might be operating simultaneously while affecting same control pa-

rameters or monitoring related KPIs; this can induce positive or neg-

ative interactions. In this study, we have shown a lack of interac-
ion studies conducted so far in LTE femtocell environments be-

ween three handover-related self-optimization use cases, namely:

andover self-optimization, call admission control self-optimization

nd load balancing self-optimization. All of these three use cases af-

ect the same LTE femtocell handover procedure but through different

enses.

Our study approach was to conduct a thorough survey of proposed

andover-related self-optimization schemes in order to identify three

epresentative schemes. These representative schemes were taken

fterwards throughout our interaction experiments. All of these ex-

eriments were conducted using our own in-house built, MATLAB-

ritten and LTE complaint simulation environment. This environ-

ent was made specifically to reflect the standard LTE femtocell han-

over procedure in a modular way; this was explained in details

hroughout the paper.

Experiments revealed how interactions behave between the three

andover-related self-optimization use cases. A set of recommenda-

ions were made which we believe can help designers approach bet-

er coordination policies.

For our future work, we plan to extend our study to include other

andover-related self-optimization use cases (e.g. neighbor cell list

elf-optimization use case and coverage self-optimization use case).

his would lead us to extend our simulation environment even fur-

her by including other modules. The outcome should be a broader

iew of how interactions behave and of how better coordination poli-

ies should be designed between interacting handover-related self-

ptimization use cases in LTE femtocell networks.

Finally, our simulation environment could also be extended to the

TE-Advanced technology and enhanced by adopting the more realis-

ic mobility traces generated by the open source Simulation of Urban
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Fig. 10. HOCACLB-SO interaction KPIs against number of users.
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obility (SUMO) package [44]. Plans are underway to make the final

nhanced LTE femtocell simulation environment accessible online for

he research community at large.
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