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In long term evolution - advanced (LTE-A) networks, user assisted and network controlled
hard handover (HO) procedure is adopted. In the initial phase of the HO procedure, the
transmission of measurement report (MR) is initiated only when the A3 event occurs and
persists for the duration of time-to-trigger (TTT). An A3 event is a triggering event which
occurs when the signal strength of target evolved NodeB (eNodeB) becomes an offset bet-
ter than the serving eNodeB. The Hysteresis Margin (HM) and A3Offset (A30ff) are the

If%.;/words' offset parameters involved in A3 event. Configuration of these parameters plays vital role
A3event in HO performance improvement. Most of the configuration methods of these parameters
Handover control parameters in the literature rely on either optimization rules which is rather complicated for a net-
Inter-site-distance work of a stochastic nature or on the dynamic characteristics which is not appropriate for
Regression model the long-term stability of the network. Hence, in this research the cumulative effect of HO

control parameters (HCP), such as HM, A3Off and TTT, with respect to inter-site-distance
and angle of user equipment movement has been analyzed. From the analysis outcome,
a regression based prediction model for HCP configuration has been developed. The pre-
sented model outperforms the methods in the literature in terms of serving eNodeB cov-
erage region and HO success region.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The evolved universal terrestrial radio access network (E-UTRAN), also called long term evolution (LTE), is the access part
of the evolved packet system introduced by the third generation partnership project (3GPP) in Release 8 as a flat all-internet
protocol (IP)-based architecture [1]. Several technical enhancements are included in LTE to improve the coverage and capac-
ity of the network. It is specified as LTE-advanced (LTE-A) in Release 10 of the 3GPP [2]. The features introduced in LTE-A
are carrier aggregation, advanced multi-antenna techniques, relaying and heterogeneous network (HetNet) [3]| deployment.
The objective of this development is to provide high spectral efficiency, high peak data rates, short round-trip time and flex-
ibility in frequency and bandwidth. The evolved NodeB (eNodeB) is the base station which performs significant and critical
functions such as compression and decompression of IP headers, security provision, evolved packet core connectivity, radio
resource management functions and mobility management [4]. Tables 1 and 2 present lists of acronyms and symbols used.

In the network, the user equipment (UE) can be in either of the following radio resource control (RRC)-related states,
namely, RRC-CONNECTED and RRC-IDLE [5]. Mobility management of UE in the RRC-CONNECTED state is accomplished
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Table 1
Acronyms and definitions.

Acronyms  Definitions

E-UTRAN Evolved Universal Terrestrial Radio Access Network

LTE Long Term Evolution
3GPP Third Generation Partnership Project
P Internet Protocol
LTE-A LTE-Advanced
HetNet Heterogeneous Network
eNodeB Evolved NodeB
UE User Equipment
RRC Radio Resource Control
HO Handover
RAT Radio Access Technology
MR Measurement Report
MC Measurement Configuration
HOF HO Failure
HCP HO Control Parameters
ISD Inter-Site-Distance
RBP Regression-Based Prediction
RLF Radio Link Failure
CIO/CSO Cell-Individual-Offset/ Cell-Specific-Offset
CDR Call Dropping Ratio
HOR HO Ratio
CBR Call Blocking Ratio
RSSI Received Signal Strength Indicator
CINR Carrier to Interference plus Noise Ratio
MRO Mobility Robustness Optimization
HOM HO Margin
ToS Time of Stay
HOS HO Success
RSRP Reference Signal Received Power
EWPHPO Enhanced Weighted Performance based HO Parameter Optimization
AHM Adaptive Hysteresis Margin
UBHO User Behavior Based Optimization
Table 2
Symbols and definitions.
Symbols Definitions
Of, and Of, Neighbor and primary frequency-specific offset
Oc, and Ocp Neighbor and primary cell-specific offset
SeNByacro Serving macro eNodeB
TeNButacro Target macro eNodeB
X, Y;) Location coordinates of UE

(Xs, Ys) and (Xr, Y1) Location coordinates of SeNBycro and TeNBygcro
UE distance from the TeNByacro

T
Bisp ISD between SeNBygcro and TeNByacro

Bs UE distance from the SeNBpcro

o Angle of UE movement

Sastp Distance at which the A3 event occurs

Pr Received power from the TeNByacro

Ps Received power from the SeNByacro

Ag Path loss model between T and R

Tp Transmitter power

R Transmitter antenna gain

Mg Receiver antenna gain

v Number of HCP value combinations

Srrr Distance covered during TTT

Vue Velocity of UE

Saspp Distance at which A3 event persists

Spr Distance traveled for the duration of HOpr
Sgr Distance traveled for the duration of HOgr
HOpr and HOgr HO preparation time and HO execution time
Purs Uplink received power from SeNBycro

Ppis Downlink received power from SeNByacro
Purr Uplink received power from TeNByacro

Rros Region of HOS

Y Number of HOS groups

G Configured group

HOS, Number of locations resulting in HOS for the configured G
NLotar Total number of locations triggering the HO
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through a UE-assisted and network-controlled hard handover (HO) procedure. The HO procedure is triggered whenever the
signal strength of the serving eNodeB is lower than that of the neighbor eNodeB. There are various categories of HO proce-
dure based on the type of radio access technology (RAT) involved, the frequency of operation and the interface availability
between two eNodeBs [6]. However, the preparation phase of the HO procedure [7] remains the same irrespective of the
HO category.

In this phase, the HO decision is made upon evaluation of the measurement report (MR) from the UE. The MR is triggered
by the UE based on the measurement configuration (MC) message [8] received from the serving eNodeB. The MC message
contains information relating to when the transmission of MR should be initiated and the mode of sending the MR, i.e.,
either periodically or based on events defined by 3GPP. Network operators mostly prefer event-based reporting compared to
periodic reporting, to avoid wastage of network resources. There are many events defined by the 3GPP standard as event-
based reporting criteria. Among the events defined for Intra-RAT HO, event A3 is predominantly used, as it occurs on the
basis of relative comparisons rather than absolute comparisons utilizing thresholds.

Apart from the event-based reporting criteria, the 3GPP has defined an additional parameter called the time-to-trigger
(TTT) parameter to nullify the effect of dynamic fading characteristics in the wireless environment. The MR will be trans-
mitted to the serving eNodeB only when the A3 event defined in the MC message occurs and persists for the duration of
the TTT. The serving eNodeB decides the target eNodeB based on the MR received from the UE. Hence, the triggering time of
the MR plays a significant role in the successful completion of the HO procedure. It should not be late or early as this might
result in HO failure (HOF). The triggering time of the MR depends on the proper configuration of the parameters involved
in the A3event as well as on the value of TTT.

The parameters [8] involved in the A3 event are Hysteresis Margin (HM), A30ffset (A30ff), cell-specific/individual offsets
(Ocn, and Ocp) and frequency-specific offsets (Of, and Of,). The configured values of A3 event parameters and the value of
TTT control the success of the HO procedure. Hence, they are called as HO control parameters (HCP). Proper configuration
of these HCP becomes mandatory to ensure the success of the HO procedure. In HCP configuration, consideration of factors
such as network, UE and environmental characteristics, plays a significant role in the improvement of the HO performance.
Among the HCP mentioned above, the cell-specific offset parameters are intended for a deployment scenario with macro
and small cells while the frequency-specific offsets are intended for the HO that occurs between eNodeBs with different
frequencies of operation. As the presented work is confined to macro-only deployment scenarios with intra-frequency HO
(target and serving eNodeB operate on the same frequency), HCP such as Ocy, Ocp, Ofn and Of,, are excluded. Hence, the HCP
considered in this research are HM, A30ff and TTT only.

A considerable amount of work has been carried out on HCP configuration to improve the HO performance. There are
three methods of HCP configuration adopted in literature: i) optimization methods which search the entire parameter space
to arrive at the optimal value, ii) methods which directly compute the optimal HCP on the basis of certain system and
user characteristics and iii) hybrid methods which involve both initial configuration and optimization. Compared to other
methods, the hybrid approach performs faster and better, as it reduces the search space through initial configuration and
then is further optimized for better performance. Other authors have made exhaustive analyses to identify the possible
values of HCP based on the system, network, and UE characteristics. The present study involves a hybrid approach. Most of
the existing literature considers inter-site-distance (ISD) as a fixed metric, which may not be true in a realistic deployment
scenario. Furthermore, the angle made by the UE movement with respect to the line of ISD has a considerable impact on
HO performance, as it decides the distance between UE and the corresponding base station.

Therefore, it is evident that a model should be devised for the initial configuration, and that it should be one which
utilizes ISD and angle of UE movement to ensure long-term stability of the network. Previous authors have neglected the
study of the cumulative effects of the HCP, though the parameters are interrelated and have a significant impact on HO
performance. Hence, the objective of this research is to develop a model for the hybrid approach which utilizes ISD and
angle of UE movement to configure the HCP, thus improving HO performance. Initially, the dependency of the two metrics
ISD and « in the HCP configuration was analyzed. Then, a regression-based prediction (RBP) model for HCP configuration
was developed from the outcome of the analysis. The model with higher prediction accuracy was adopted based on the
goodness-of-fit metrics. The proposed model was compared with the methods in the literature and was found to outperform
them.

The organization of the paper is as follows. Section 2 provides a brief review of related work in the literature. Section
3 explains the adopted system model, the methodology of the proposed analysis and the development of the multiple
linearregression-based prediction model. The results and discussion of the research are presented in Section 4. Finally, con-
clusions and future directions for the work are presented in Section 5.

2. Literature survey

This section discusses the various methods and analyses presented in the literature for HCP configuration to improve HO
performance. The optimization method presented in [9] configures the value of both HM and TTT, on the basis of HO per-
formance measures such as radio link failure (RLF) rate, HOF rate, and ping-pong rate. Reconfiguration of HCP is performed
by either a zig-zag or a diagonal method of traversal in the parameter search space. The inference from the results is that
the diagonal approach converges faster, while better granularity is observed with the zig-zag method. However, degradation
in the performance is observed due to the continuous searching procedure involved in the optimization.
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In [10], a sensitivity analysis was performed for the two control parameters cell-individual-offset (CIO) and TTT under
different load levels and user velocities. The performance metrics considered in the analysis were call dropping ratio (CDR),
HO ratio (HOR) and call blocking ratio (CBR). A fuzzy logic-based optimization technique was designed based on the out-
come of the sensitivity analysis. Optimization was performed at three optimization levels, namely, network-wide, cell-wide,
and cell-pair-wide levels. The results show achievement of a good trade-off between CDR and HOR for the cell-pair-wide
optimization. In [11], optimization criteria were formulated for configuring the values of HM and TTT. The performance met-
rics considered for optimization were too-late HO, too-early HO, HO to wrong cell, ping-pong HO and unnecessary HO. The
HO performance was evaluated in the deployment scenarios with variation in eNodeB transmission power between 20 and
43 dBm. The evaluation results led to the observation that HM and TTT values of 10dB and 480 ms greatly mitigated the
mobility problems, and therefore the presented method improves the HO performance.

The authors in [12] developed two system models for dynamic adoption of the value of HM. The first model utilizes
the system metrics called received signal strength indicator (RSSI), while the second is based on carrier to interference
plus noise ratio (CINR). The inference from the results is that a similar performance is observed for both methods of HM
adaptation. Furthermore, the presented methods reduce the number of redundant handovers without compromising on
the throughput, compared to the conventional fixed HM method. In [13], the authors presented a cost-based adaptive HM
scheme to minimize the HO failure rate. The cost function is calculated on the basis of system metrics such as the load
difference between the target and serving cells and the velocity and service type of UEs. The simulation results obtained led
to the inference that the presented cost-based adaptive algorithm outperformed existing methods.

The gradient method-based mobility robustness optimization (MRO) scheme presented in [14] configures the value of
the CIO parameter. The derived cost function utilizes performance metrics such as RLF ratio and unnecessary HO ratio. The
value of CIO is either increased or decreased in each step, on the basis of the cost function. This leads to improvement in the
HO performance irrespective of the user and network characteristics. The UE categorization-based optimization algorithm
presented in [15] configures the parameters HO margin (HOM) and TTT. The value of HOM is a combination of HM, A30ff
and CIO. The HO performance metrics considered are the number of too-late HO, too-early HO, HO to the wrong cell and
ping-pong HO. The control parameters are reconfigured in each step on the basis of the performance metrics. The stability
of the algorithm for different velocities and data traffic patterns of UEs was also investigated. The results obtained led to
the inference that the presented work outperformed existing methods.

The authors in [16] compute the RLF and ping-pong rates for each TTT and HM configuration with respect to UE speed
and deployed configuration. The results show that an RLF rate of less than 2% is achieved when HM is configured to 4 dB
for a macro-macro HO scenario, and 0.5dB for macro-pico and pico-macro HO scenarios. Furthermore, the adaptive TTT
value which results in the lowest ping-pong rate was also identified for the selected HM value. In [17], the impact of the
HO control parameters namely, TTT, A30ff and cell-specific-offset (CSO) on HO performance in macro-pico deployment was
analyzed. The performance metrics considered were State 3 RLF, HOF, time of stay (ToS), ping-pong HO rate and offload-
ing opportunity. A detailed discussion of the dependencies between the HO control parameters with respect to the above
mentioned performance metrics is also presented.

The dependency of the HO performance on the ISD considered between macro and femtocells is presented in [18]. Fur-
thermore, the closed-form expressions of the HO performance metrics such as the RLF, HOF and ping-pong rate are derived
as functions of ISD and UE speed. Exhaustive simulations have been performed for evaluation of the impact of TTT on the
HO performance metrics. The conclusion is that dynamic selection of TTT value based on ISD and UE speed improves the
HO performance. In [19], an analysis of the impact of ISD and the type of environment (urban or rural) on successful com-
pletion of HO in a macro-macro deployment scenario was undertaken. The control parameters considered were HM, A3O0ff,
and TTT. The simulation results imply that the same combination of control parameters triggers the A3 event too early for
smaller ISD and too late for larger ISD. The control parameter combination which results in HOS differs with respect to the
type of environment. Hence, it is concluded that during the configuration of control parameters, both the ISD and the type
of environment should be considered.

The studies discussed above adopt three different methods of HCP configuration. The studies in [9-11] discuss optimiza-
tion methods which search for the optimal HCP in the entire parameter space on the basis of HO performance. Expert
knowledge from the perspective of the network’s operation is required for early confinement with the optimal HCP set-
ting. It is also highly unlikely that rules can be formulated considering the wider system characteristics. The authors in
[12,13] developed the models which directly compute the optimal HCP based on certain system and user characteristics. In
these methods, dynamic characteristics such as the load and the velocity and service type of the UE, cause large fluctuations
in the HO performance. The methods discussed in [14,15] form a hybrid approach which involves two phases. In the initial
phase, the system characteristics are utilized for the initial configuration of HCP, and, in the second phase, the configured
HCP is optimized on the basis of various performance metrics. The hybrid approach has the advantage of reducing the search
space, but also has the drawback of depending on the dynamic characteristics of the system.

The literature in [16-19] investigates the sensitivity of the HO performance to control parameters with respect to the
various system, network and UE characteristics, in order to provide meaningful insights into the impact of the character-
istics on HO performance. It is evident from the literature that a hybrid approach which utilizes certain HO performance
dependent characteristics in the initial configuration must be devised for ensuring the long-term stability of the network.
As mentioned in an earlier section, there has previously been less focus on ISD and angle of UE movement. Also, despite
each HCP having its own significance in network performance improvement, wide variations are observed with respect to
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Fig. 1. System model.

HCP consideration among the various studies. Therefore, in this research, a RBP model has been developed, utilizing the
dependency of ISD and angle of UE movement on HO performance for HCP configuration.

3. Proposed methodology

This section discusses in detail the system model considered and the methodology proposed for the study of the impact
of system characteristics such as ISD and angle of UE movement on HCP configuration to improve the HO performance.

3.1. System model

The system model considered in the proposed methodology is presented in Fig. 1. Let SeNByo be the serving macro
eNodeB located at A with coordinates (Xs, Ys), TeNBycro be the target macro eNodeB located at C with coordinates (X,
Y7), and let the UE be located at B with coordinates (X;, Y;). Let Bsp be the ISD between SeNByyero and TeNByjaero- The UE
is assumed to move in a straight line making an angle of o with respect to the line of Ssp. At any instant, the UE is
considered to be at distance B¢ from the SeNByqco and Bt from the TeNByjacro-

3.2. Proposed analysis

In order to model the dependency of S;sp and o on the combinations of HCP values resulting in HO Success (HOS),
an analysis has been performed as illustrated in Fig. 2. The HCP considered are HM, A30ff and TTT. Various macro-macro
HO scenarios with different values of B;sp and « are simulated. Each scenario is configured with different combinations
of HCP values. For each scenario, the method identifies whether or not the configured combinations of HCP values result
in HOS. The success of the HO procedure is determined on the basis of evaluation of the following three conditions: i) A3
event occurrence, ii) A3 event persistence and iii) HO completion. A brief explanation of these conditions is presented in the
following sections. Initially, the occurrence and persistence of the A3 event for the configured combination of HCP values,
is verified. Upon persistence of the A3 event, the transmission of MR to the SeNBy, is triggered otherwise the control
parameters are reconfigured with the next combination of HCP values. Let i be the number of combinations of HCP values
considered in this study. For each scenario, ¥ combinations are configured and verified for its success.

The analysis is repeated for all the simulation scenarios considered. The HCP value combinations that result in HOS are
identified for each scenario. The combinations of HCP values which result in failure are categorized as the HOF group.

3.2.1. Evaluation of A3 event occurrence
Let 5a37p be the distance at which the A3 event occurs when the UE moves from SeNByqcro t0 TeNBpacro- The occurrence
of the A3 event is identified using Eq. (1).

6A3Tp:PT—HM>PS +A30ff (1)

where Prrepresents the power received from the TeNBy,, at Br and Pg is the power received from the SeNBpjqcro at Bs.
Both are measured in dBm and are computed using Eq. (2).

Ps=Pr =Tp — A+ pr + Ug (2)

where Tp indicates the transmitter power, A is the path loss model between transmitter (T) and receiver (R), and @y and
g denote the antenna gains of T and R. The occurrence of the A3 event is verified for all the combinations of HCP values
at consecutive coordinates (X;, Y;) during the movement of UE with respect to the SeNByqqo- Then, the combinations of
HCP values that result in the occurrence of the A3 event at the same Dasp, are grouped into one category.

3.2.2. Evaluation of A3 event persistence and transmission of MR
Once the A3 event occurs, the persistence of the A3 event is verified after TTT duration, in order to avoid frequent and
unnecessary HO. A lower value of TTT is considered for maximum Vyg [16]. The number of combinations of HCP values
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Fig. 2. Proposed analysis.

() remains the same, as only one value of TTT is considered. Let dr be the distance covered by the UE during the TTT
duration. This is computed using Eq. (3).

_ Vue
Srrr = 7 ()

The transmission of MR is initiated towards the SeNBy,, by the UE if the A3 event persists over the distance é7. Let
Sa3pp be the distance at which the A3 event persists. This depends on both 853tp and étrr, as shown in Eq. (4).

Saspp = Saste + 17 (4)

3.2.3. Evaluation of HO procedure completion

Let §prand Sgy denote the distance traveled by the UE during the HO preparation time (HOpr) and HO execution time
(HOgt). Let Py be the uplink received power with respect to SeNBpqqro at the distance da3pp , let Ppys indicate the downlink
received power with respect to SeNByr, at the distance (Sa3pp +dpr) and let Pyir be the uplink received power with
respect to TeNByqcro at the distance (Sa3pp + 8pr + Og7). Let RSRP,;;, be the minimum reference signal received power (RSRP)
required by the UE to obtain service from the corresponding eNodeB. Let RSRPg;r represent the RSRP value which results in
RLF. Upon receiving the MR, the SeNByqo triggers the HO to the respective TeNBpacro-

The HO procedure is completed successfully only when the following three conditions are satisfied: i) successful recep-
tion of UE generated MR by SeNByqcro at 8a3pp, Which is possible when Py is greater than or equal to RSRP,;;, as mentioned
in Eq. (5), ii) Ppis is greater than RSRPg;r for the successful reception of the HO command message by UE after HOpy as in
Eq. (6) and iii) as presented in Eq. (7), Pyrr is greater than or equal to RSRP,;, so that the radio link persists with TeNByqcro
after the duration of HOgt.

Pyis(8asep) = RSRP iy (5)
Ppis(8asep + dpr) > RSRPi¢ (6)
Purr(8aspp + Spr + Ser) > RSRP i (7)
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This procedure is extended to all B;sp and « considered in the analysis for the study of the impact of HCP value combi-
nations on HO performance. In the presented research, the performance of the HO procedure is analyzed using metrics such
as number of HOS groups (y) and region of HOS (Ryos). The metric yis defined as the number of HCP groups which result in
HO success, while the metric Rygs defines the percentage of the total region within which the HO initiated by the particular
HCP group results in success. The possibility percentage of HOS is given by Rygs. This metric is presented in Eq. (8).

HOS
Ryos(%) = NL ¢

%100 (8)
Total

where HOS; represents the number of locations which result in HO success for the configured group G, G=1 to y, and
NLroq TEpresents the total number of locations considered for triggering the HO.

3.3. Regression model development

The outcome of the above analysis leads to the inference that HO performance exhibits a high dependency on system
characteristics, such as B;sp and «. Hence, they are used as predictors for the development of RBP model. Both are con-
sidered, as two independent variables of the RBP model, while y, the number of HOS groups for a particular simulation
scenario, is taken as the dependent variable. The prediction accuracy of the model is dependent on the degree of the inde-
pendent variables. The higher the degree of the variable, better the prediction accuracy. Let us consider the degrees of the
independent variables B;sp and « to be ‘p’ and ‘q’ respectively. The RBP model with degree p=q=1 takes the form shown
below.

Y =¢1+ @280 + @3 9)

where ¢1, ¢, and @3 are the unknown coefficients. Eq. 10 represents the matrix form of above linear model for ‘n’ number
of inputs. Let ‘m’ represents the number of unknown coefficients which depend on the degree of the independent variables
and ‘n’ represents the number of simulation scenarios.

B = Pl 08, (10
where y]ff] is the (n x 1) matrix representing number of HOS groups identified for ‘n’ simulation scenarios, go&‘}(] is the

(m x 1) matrix indicating the unknown coefficients and P?J . is the design matrix for the regression model. Eq. (11) presents
the expanded forms of each of the metrics in Eq. (10) for p=1 & q=1.

71 1 1 Bispa) o«
van=| | ema=| " | Bm=| (11)
Yn Om 1 Bispmy oa
To develop the RBP model, the values of the unknown coefficients are computed using Eq. (12) for any degree of the
independent variables.

¢§1qxl = ((ngm)T*PSSm)il*((ngm)T*yrf’xlq) (12)

The sensitivity of the developed model is verified with the goodness of fit metrics such as sum of squares due to error
(SSE), R-square, adjusted-R-square and root mean squared error (RMSE) [20].

4. Results

This section discusses the results of the analysis and the developed RBP model. The simulations are performed using
MATLAB R2014a and the simulation parameters are given in Table 3. The values configured for the simulation parameters
follow 3GPP specifications. In this section, the impact of considering all the A3 event parameters is presented, followed by
the sensitivity analysis with respect to distance-related metrics such as B;sp and «. Furthermore, a dependency analysis
of Bisp and « on the region of HOS for each of the configured groups, is performed. On the basis of the outcome of the
analysis, an RBP model is developed to configure the HCP. The RBP model with the highest prediction accuracy is identified
based on goodness-of-fit metrics. Finally, the results are compared with methods in the literature.

In this study, the values of HM, A30ff and TTT in the range specified by 3GPP have been considered in the analysis. The
HM values in intervals of 5dB have been assumed, and these values are {0, 5, 10, 15 dB}. Similarly, A3Off takes seven values
{-15, —-10, -5, 0, 5, 10, 15dB}. The analysis has been made for a high mobility (Vyg =110 km/h) UE, taking into account the
fact that the combination of HCP values which results in HOS for high mobility UE will be highly suitable for low mobility
UE also. Hence, a TTT value of 40 ms is assumed, as the analysis considers maximum Vyg [16].

From the above specification for the macro-macro scenario, 28 combinations (=4(HM values)*7(A30ff values)*1(TTT
value)) are formulated to analyze the sensitivity of these parameters on HO performance. Furthermore, the simulation sce-
narios based on the system model presented in Fig. 1. have been used. This involves scenarios with different values of Bsp,
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Table 3
Simulation parameters.
Parameter Configured value
Transmitter Power (Tp) Macro eNodeB: 46 dBm
Macro Propagation Model (Arg) 128.31 +37.6 logypR, ‘R’ in Km [22]
Time-To-Trigger 40ms [16]
UE Transmit Power 30 dBm
HO Preparation Time (HOpr) 50ms [21]
HO Execution Time (HOgr) 40ms [21]
Radio Link Failure (RSRPg;r) —130dBm
Velocity of UE (Vyg) Urban: Upto 110 Km/h

Minimum required RSRP (RSRP,;;)  —110dBm (to camp on respective eNodeB)
Antenna gain after cable loss (ur) Macro eNodeB: 15 dBi

eNodeB antenna height (Hteng) 15m [22]
Carrier Frequency (F.) 2 GHz
Antenna Pattern Omnidirectional
HO Control Parameters HM: 0-15dB & A30ff: —15 to 15dB [8]
70 T
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Fig. 3. Impact of control parameters.

such as 100m, 300 m, 500 m, 700m, 900 m and 1100 m and of «, such as 10°, 30°, 50°, 70° and 90°. It results in a set of
30 (= 6(Bjsp values)*5(« values)) simulation scenarios. All 28 combinations of HCP values are configured for each simula-
tion scenario to identify the combination which results in successful HO completion. Hence, 840 (= 28*30) simulation runs
were made to study the sensitivity of the parameters with respect to the scenario.

4.1. Impact of control parameters

In order to justify the need for studying the cumulative effect of HCP, the impact on the maximum HO success region
of three different HCP combination cases has been considered. These are: case 1, involving a combination of HM, A30ff and
TTT, case 2, representing the combination of A30ff and TTT and case 3, representing the combination of HM and TTT. In all
the cases, TTT is adopted mandatorily as it is configured to nullify the negative effects of fading in a wireless environment.
Fig. 3 shows the impact of considering different combinations of HCP on the maximum HO success region.

The results show that consideration of all the HCP improves the HO success region, compared to the other cases. For
Bisp=100m, case 1 achieves 70% of the HOS region, which is 40% higher than for case 2 and 100% higher than for case
3. This is because a positive value of A3Off triggers a late HO, as it makes the serving eNodeB more favorable for service
provision, and postpones the HO. This condition is reversed for a negative value of A30ff. Similarly, the positive value of HM
further delays the HO compared to the positive value of A30ff, as it makes the target eNodeB less favorable for HO. It can
also be observed that as fsp increases, the region of HOS decreases, as the overlapping region decreases with an increase in
Bisp. This analysis clearly indicates that studying the combined impact of HCP plays a vital role in improving the possibility
of HOS and is dependent on fsp.

4.2. Sensitivity analysis

The sensitivity analysis is performed at two different levels. Level 1 analyzes the influence of S;sp on Rygs and level 2
analyzes the influence of o on Ryps. Fig. 4a-f represents the influence of B;sp on Rygs when « is assumed to be 45°.
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Fig. 4. Sensitivity analysis of Ssp.

It is observed that up to 500m of Bsp, the maximum HOS region achieved is 70% when HCP is configured with G;.
However, when Ssp increases beyond 500 m, it can be observed that the region of HOS reduces. This is because the over-
lapping region between the serving and target eNodeB reduces with an increase in Bsp. Thus, the success of HO is highly
sensitive to Bsp. The sensitivity analysis helps to identify Sisp as a potential prediction metric for development of a model
for optimal HCP configuration. The analysis is further extended to study the impact of o on Rygs.

Fig. 5a-e illustrates the influence of o on Ryps when fSsp is assumed to be 500 m. When « is 10°, the maximum region
of HOS achieved is 66.14%. However as « increases, the region reduces, because the distance between UE and the target
eNodeB increases. Hence the maximum angle for which the HOS can be achieved with the considered target eNodeB is 45°.
Beyond this angle, HO can be achieved with the other adjacent target eNodeB.

Thus, the success of the HO procedure is sensitive to variations in «. In summary, the results reveal that the combinations
of HCP values which trigger the HO early result in an increased HOS region. For these, the HM values fall in the range 0 to
10 dB, while A3O0ff falls in the range 0 to —15dB. Therefore, HO which is triggered early presents a higher probability of HOS
with a smaller serving eNodeB coverage region, and vice-versa. Delayed triggering occurs when A3Off falls in the range 0 to
15dB, leading to a high probability of HOF. Thus, the dependency of the HO performance on fisp and @ on HO performance
is presented.

4.3. Formulation of HO control parameter combination groups

As mentioned earlier, the 28 combinations of HCP values were configured to 30 simulation scenario sets, and the success
of the HO procedure was verified for each of the combinations. During the simulations, it was observed that the trigger
point for HO was same for certain combinations of HCP values, and these are grouped together in Table 4. There are ten
such groups, from G1 to G10. Further analysis and the model development are discussed in terms of groups instead of
individual combinations of HCP values. For investigating the formulated groups, a pictorial representation of the groups and
their HO trigger points was produced, as shown in Fig. 6. It can be seen that groups G1-G3 trigger the HO in the early HO
region (Earlyyor) while G4 triggers exactly at the intersection point. The groups from G5 to G10 trigger the HO in the late
HO region (Lateyog).

The sum of HM and A30ff, i.e., HOM, is negative for Earlyyor and positive for Lateyor. The HO is triggered exactly in the
middle when their sum is zero. Consideration of both HM and A3Off results in HOM values from —15dB to 30dB, providing
the possibility of triggering HO over a wider region.

The early trigger groups, such as G1, G2 and G3, reduce the time of association with the serving cell, as the HO is
triggered well before the boundary, while the case is reversed for the late trigger groups from G5 to G10.
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Table 4
Groups with the same Dasrp.

Group HM, A30ff) in dB

G1 0, —15)

G2 5, —15) (0, —10)

G3 10, —-15) (5, —10) (0, —5)

G4 , —15) (10, —10) (5, —5) (0, 0)

, —5) (10, 0) (5, 5) (0, 10)

(
(
(
(
(15
G5 (15, —10) (10, =5) (5, 0) (0, 5)
(15
(15, 0) (0, 15) (10, 5) (5, 10)
(
(
(

G8 5, 15) (10, 10) (15, 5)
G9 15, 10) (10, 15)
G10 15, 15)

4.4. Impact of ISD and angle of UE movement on HO success

Fig. 7 presents the impact analysis of both Bisp and « in terms of the number of groups resulting in HOS (y). As the
combination of HCP values in each group initiates the HO at the same point, anyone of the combinations from each group
was configured. A value of y equal to two in the figure represents groups G1 and G2, while groups G1, G2 and G3 are
represented by y equal to three, and so on. It is observed that the same value of y occurs for Sisp of upto 500 m, which is
the optimal ISD as given by 3GPP specifications. When Bsp increases beyond 500 m, the value of y begins to decrease. The
reason for this is that the overlapping region between the serving and target eNodeB decreases with an increase in fSisp,
leading to a higher probability of RLF occurrence before the successful completion of the HO procedure. A significant impact
of o on y was observed irrespective of the optimal Bsp. This is because, as « increases, the distance between the target
eNodeB and the UE increases for the same distance between UE and the serving eNodeB. Fig. 7 shows that y decreases with
an increase in fBisp and «. The inference is that the HO should be initiated earlier with increases in both Bsp and «, and
vice-versa.

In addition, the configuration of the same HCP, irrespective of Bisp and «, degrades the overall HO performance. This
suggests the need for dynamic configuration of HCP based on Bisp and «, rather than fixed configuration of HCP.
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4.5. Analysis on region of HOS with respect to groups

[m3Gsc;January 18, 2018;10:0]

1

The analysis has been extended to visualize the Rygs for each HOS group configured. Utilizing the symmetrical property,
the analysis was performed for o =10°, 30° and 50°. Figs. 8-10 represent the analysis of Rygg for each configured group,
and Bisp with fixed o values of 10°, 30° and 50°. Fig. 8 shows that when fsp is varied from 100 m to 500 m, the Rygs (%)
is somewhat similar but varies between 80% and 10% (G1 to G9) with respect to the configured HCP groups. A decrease in
the HOS region is observed: i) from 55% to 5% (G1 to G7) for a Bisp of 700m, ii) from 35% - 4% (G1 to G5) for a Bisp of
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900 m and iii) from 23% to 2% (G1 to G4) for a Bisp of 1100 m. A similar analysis is presented in Figs. 9 and 10 for o =30°
and 50°. Fig. 9 shows that for o =30° the Rygs is similar for Sisp between 100 m and 500 m, but varies from 80% - 7% (G1
to G6) with respect to the HCP groups. As Bisp increases, the Rygs decreases further: i) from 52% to 10% (G1 to G5) for a
Bisp of 700m, ii) from 35% to 4% (G1 to G4) for a Bisp of 900 m and iii) from 21% to 2% (G1 to G3) for a Bisp of 1100 m.

From Fig.10, for o =50°, it can be observed that the Rygg is almost similar for Sisp of 100 m to 500 m, but with variation
from 70% to 23% (G1 to G4) with respect to the configured HCP groups. As Bisp increases, the Ryos decreases further: i)
from 50% to 2% (G1 to G4) for a Bisp of 700 m, ii) from 30% to 6% (G1 to G3) for a Bsp of 900 m and iii) from 20% to 8% (G1
to G2) for a Bisp of 1100 m. The above analysis shows the same HCP combination resulting in different Rygs with respect to
o and Bisp. This is because the increase in Bisp decreases the overlapping region and the triggering time of HO. Also, early
triggering results in a larger Rygs, while late triggering decreases the Rygs.

1

Ritos = A(a, Bisp) (13)

Eq. (13) illustrates the relationship established between Ryps, Bisp and « via the above analysis. It is found that Rygs is
inversely proportional to both o and Bisp. Based on these conclusions, the dependency of Sisp and « on HCP configuration
has been modeled as regression based prediction model and is presented in the following section.
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4.6. Model formulation

The above dependency identified from the analysis has been modeled, to resemble the behavior of a regression model.
Based on this model, it is possible to accurately identify the combinations of HCP values that can be configured when infor-
mation about « and Bisp is known. To measure the prediction accuracy of the model, goodness-of-fit metrics are measured,
based on SSE, R-squared, adjusted R-squared and RMSE. The SSE metric measures the deviation between the predicted
and the simulated data. Values closer to zero indicate the coincidence of the predicted data with the simulated data. The
R-squared metric presents the level of correlation between the predicted and simulated response values. It indicates the pro-
portion of variance accounted for by the model. Similarly, an adjusted R-squared statistic with a value close to 1 indicates
a better fit, while a value of RMSE close to 0 indicates that the deviation between the predicted and simulated values is
lower, and the model is more useful for prediction. Hence, the model which results in a better “goodness of fit” is finalized
as the model with higher accuracy of prediction. Different orders with respect to the dependent factors were studied, as the
order of the model controls the accuracy. Two cases with the same and different degrees are modeled and discussed below.

4.6.1. Case 1: polynomial with different degree

The polynomial obtained for p=1 and q=4 is presented in Eq. (14). The values of coefficients within 95% confidence
limits are ¢, =9.002, ¢, =—-0.07499, ¢35 =-0.00121, ¢4, =—-0.0001194, ¢5=1.674e—05, ¢pg=2.902e—07, ¢; =—4.074e—08,
¢g=—1389e—-10 and¢g=2.083e—11. The goodness-of-fit metrics for the developed polynomial are SSE=6.746, R-
squared = 0.9565, adjusted R-squared =0.9399 and RMSE = 0.5668.

y =f(e. Bisp) = @1 + @20 + @3 Bisp + Qa0 Bisp + ¥s Blep + et Bip + ¥7Bip + Ys Bip + ¥ Biep (14)

Eq. (15) represents the polynomial for p=4 and q=1. The coefficient values of the polynomial are ¢;=13.18,
$o=-02942, ¢3=-0.007784, ¢,=0.003019, ¢5=0.0002537, ¢g=—8.135e—06, ¢;=—3.744e—06, pg=—4.34e—08 and
¢g=1.935e—08.

Y =f(@. Bisp) = @1 + @200 + @3 Bisp + Pa0® + Psat Pisp + Yer® + Y70* Bisp + wsar* + Yoot Bisp (15)

The goodness-of-fit metrics for the developed polynomial are SSE=6.827, R-squared=0.9559, adjusted R-
squared =0.9392 and RMSE = 0.5702.

Fig. 11 represents the surface polynomial model obtained for the degrees (p=1 and q=4) and (p=4 and q=1). It is
inferred that the fitness of the model with the simulated value has more deviation for the lower degree predictor, such as
p=1in Fig. 11(a) and q=1 in Fig. 11(b).

4.6.2. Case 2: polynomial with same degree

The polynomial when p=q=1 is presented in Eq. (16). The values of coefficients within 95% confidence limits are
¢1=8.97, ¢, =-0.0675 and ¢3 =—0.002714. The goodness-of-fit metrics for the developed polynomial are SSE=19.83, R-
squared =0.872, adjusted R-squared =0.8626 and RMSE = 0.857.

y =f(a, Bisp) = @1 + @20 + 3 Bisp (16)

Eq. (17) represents the polynomial when p=q=4. The coefficients of the polynomial are ¢=11.75, ¢, =-0.2752,
¢3=-0.004069, ¢,=0.003058, ¢5=0.0001027, ¢g=1701e—05, ¢;=-8.135e—06, ¢g=—-3.935e—06, ¢g=2.742e—-07,
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Table 5

Regression models with their performance metrics.
Polynomial (Poly’pq’) SSE R-square  Adjusted R-square =~ RMSE
Poly55 (p=5& q=5) 04773  0.9969 0.9901 0.2303
Poly44 (p=4 & q=4) 0.94 0.9939 0.9883 0.2503
Poly33 (p=3 &q=3) 1964 0.9873 0.9816 0.3134
Poly22 (p=2 & q=2) 3.722 0.976 0.971 0.3938
Polyll (p=1&q=1) 19.83 0.872 0.8626 0.857
Polyl5 (p=1&q=5) 6.729 0.9566 0.9337 0.5951
Polyl4 (p=1& q=4) 6.746 0.9565 0.9399 0.5668
Poly13 (p=1&q=3) 7523 0.9515 0.9388 0.5719
Poly12 (p=1&q=2) 8.02 0.9482 0.94 0.5664
Poly51 (p=5&q=1) 9.027 0.9417 09111 0.6893
Poly4l (p=4 & q=1) 6.827 0.9559 0.9392 0.5702
Poly31 (p=3 &q=1) 7071 0.9544 0.9425 0.5545
Poly21 (p=2&q=1) 8.332 0.9462 0.9376 0.5773

$10=—4.074e—08, ¢ =—434e—08, ¢, =1935e—08, ¢13=1594e—10, ¢14=-1389e—10 and ¢;5=2.083e—11. The
goodness-of-fit metrics for the developed fourth-degree polynomial are SSE=0.94, R-squared=0.9939, adjusted R-
squared =0.9883 and RMSE =0.2503.

Y = f(a, Bisp) = @1 + @200 + @3Bisp + Yat® + Y50 Pisp + PePp + Y70 + Ysar® Bisp + Yet By + Yr0Pip + ot
+ @120 Bisp + 9130 B + 0140 Bip + @15 Biep (17)

Fig. 12 represents the obtained surface polynomial for the above models. The coincidence of the simulated data with the
model prediction is observed for the higher degree. The conclusion from the results presented for polynomials of the same
and different degree, is that the higher the degree of the polynomial the better the goodness of fit, and vice-versa. The
goodness-of-fit values for the different possible combinations of polynomial degree were computed as shown in Table 5. As
previously mentioned, an increase in the goodness of fit is observed with increases in the degree of the model. However,
the amount of computation increases for a higher-degree polynomial because (N+ 1) terms are added to a polynomial of
degree N.

From Table 5, it can be seen that the Poly55 model has the smallest value of SSE. However, a marginal difference exists
between the models Poly55 and Poly44, compared to the other models. Similarly, a lower deviation is observed for the other
metrics such as adjusted R-squared and RMSE. For example, the Poly44 model has an R-squared value of 0.9939, while the
Poly55 model has an R-squared value of 0.9969. This indicates that the Poly44 model has a prediction accuracy of 99.39%,
while the Poly55 model has an accuracy of 99.69%. The difference in prediction accuracy between Poly44 and Poly55 is
marginal. This clearly indicates that the achievement of 0.30% improvement in accuracy by Poly55 requires an addition of
seven terms to the model compared to Poly44. Therefore, in this study, the polynomial model Poly44 is adopted as the
proposed RBP model.
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4.7. Performance metrics analysis

A comparison of the developed RBP model with the existing methods in enhanced weighted performance based HO
parameter optimization (EWPHPO) [9], adaptive hysteresis margin (AHM) [12] and user behavior based optimization (UBHO)
[15] is presented, as mentioned in Section 2. This is performed via two performance metrics, namely, the serving eNodeB
coverage region (Rs.npc) and the HO success region (Ryos). The metric Rgenpc refers to the region within which the UE can be
offered service by the serving eNodeB, (i.e., before HO) and also the region where HO to the target eNodeB can be achieved
successfully. The metric Ryps defines the region between the serving and target eNodeB in which an HO, initiated at any
point results in success. The scenario considered for comparison is the urban environment and macro-macro deployment
with varying Bisp and an o of 50°.

Fig. 13 presents the comparison of the existing methods EWPHPO, AHM and UBHO with the developed RBP in terms of
Rsenpc. The inference is that the developed RBP method achieves a larger serving eNodeB coverage region for all values of
Bisp. Furthermore, methods EWPHPO and AHM produce similar results, as the impact of TTT is assumed to be negligible for
high mobility UE. The existing AHM method produces better results for low mobility UE, compared to the EWPHPO method.
The conclusion drawn is that the developed RBP model, when compared to EWPHPO and AHM, achieves an average 28.6%
increase in Rgenpc up to 500m of Bisp, with a 57.14% improvement with respect to UBHO. When fsp is increased beyond
500 m, the improvement of the developed model is 10.46% compared with the first two methods and 18.6% compared with
the latter method.

A similar comparison is made on the basis of Rygs. The result obtained is presented in Fig. 14. As previously mentioned,
the response of the EWPHPO and AHM methods is the same, due to the negligible impact of the TTT value. The developed
RBP model achieves an average 184.63% increase in performance, compared to EWPHPO and AHM and an average 285.4%
improvement with respect to UBHO. Despite a reduction in the HOS region as Bjsp increases, the developed model out-
performs the existing methods. A larger HOS region implies that the network operator has more flexibility in selecting the
HCP, and there is a higher probability of HOS. In addition, the provision of more flexibility in turn requires an efficient
optimization approach to further define the optimal setting, as mentioned in the UBHO method. Hence, the practical re-
alization of the presented work demands the implementation of efficient machine learning techniques. This is planned as
future research.

Please cite this article as: S.P. A, B. PT.V, Regression model for handover control parameter configuration in LTE-A networks,
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5. Conclusion and future work

Initially, the significance of considering all the control parameters in improving the HO performance was studied. Consid-
eration of all the parameters in HCP configuration improved the HO performance in terms of the success rate. A sensitivity
analysis was performed, to study the impact of control parameters on the region of HOS with respect to Sisp. The analysis
was extended to the UE characteristics of (o). High dependency of HO performance was observed with respect to Bsp and
«. Hence, a regression model was developed utilizing Sisp and «. The order of the model was varied, and the resulting
variations studied with a view to improving the prediction accuracy. The developed models were validated for goodness of
fit, and the Poly44 model was found to demonstrate a prediction accuracy of 99.39% compared to the other models. Hence,
this study was confined to the RBP (Poly44) model.

Finally, the presented RBP method was compared with three other methods, namely, EWPHPO, AHM and UBHO in terms
of Rgenge and Rygps. The ability of the presented model to provide improved performance in terms of both metrics was
observed, and also the presented method doesn’t rely on expert knowledge in framing rules. Fluctuation in the HO perfor-
mance does not occur, as the presented method depends on the network and UE based distance related metrics. Hence, the
developed RBP model plays an important role in improving the HO performance, compared with a fixed HCP configuration.
In future work, a reinforcement learning-based mechanism should be adopted for choosing the optimal setting from the
reduced set of parameters, and for meeting the requirements of the network operator as well as dealing with the dynamic
nature of the wireless network. This work could be extended to the HetNet environment involving small cells for improving
overall network performance.

Supplementary materials

Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.compeleceng.
2018.01.011.
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