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1
Introduction

The Rel-12 WI on “Heterogeneous networks mobility enhancements for LTE” includes “improving mobility performance in HetNets in single carrier or multicarrier environments (including non-CA and CA cases)” [21]. The objective of this work item is to focus on the aspects or problems studied in the Rel-11 heterogeneous networks mobility study item and documented in [1]. It was shown during the study item phase that handover performance in heterogeneous network deployments is not as good as macro only deployments with respect to handover failures and ping-pongs. It was also observed that Mobility State Estimation (MSE) mechanism is not as accurate in heterogeneous network deployments as in macro only deployments.
This indicates that the mobility performance depends on the UE speed of movement, which implies that solutions are likely to benefit from optimizations based on the mobility state of a UE as estimated by Mobility State Estimation (MSE). E.g. [10] identifies the need for speed dependent solutions and also presents a detailed solution proposal on to implement Enhanced Mobility State to 3GPP technical specifications.

The MSE has been proven to work well in homogeneous networks, where it produces classifications in mobility states that map well to speed ranges. In heterogeneous networks the variation in cell sizes impact the MSE in a way that increased mobility state may stem from increased cell density (smaller cell sizes) as well as speed. This is discussed in [3], [4], and [14].

In this contribution we present enhancements related to HetNet co-channel mobility performance in line with the observations and studies under the Rel-11 Study Item on HetNet mobility [1].
2
Solution Objectives
Observations captured from the Rel-11 SI on HetNet mobility [1] indicate poorer handover performance in heterogeneous networks, especially for UEs moving at high speed, and especially when performing handover from a small cell towards a macro cell. At low to medium speed, say less than 30 km/h, the rates of handover failure (HOF) and radio link failures (RLF) are acceptable, although some issues were observed in terms of increased rate of short Time-of-Stay (ToS). 

This indicates, as expected, that the mobility performance depends on the speed of UE movement, which implies that solutions are likely to benefit from optimizations for a set of speed ranges., say, low and high speed UEs. The objective of this contribution is to provide a Mobility State Estimation (MSE) that is more accurate in terms of classification in to mobility states and less dependent on the density of small cells. As recorded by [1], and multiple contributions e.g. [6], the current MSE is known to provide a mobility state estimate that is influenced by the density of the small cells and hence not an accurate classification of mobility state in heterogenous networks. . The objective therefore is to provide an enhanced MSE (eMSE) that counter the poor MSE performance. Such an enhancement to MSE is not intended to directly contribute to any improvements in mobility performance, but indirectly aim to improve mobility performance by providing a more accurate and stable mobility state estimate for other solutions that depend on mobility state estimate e.g. Gray-listing [2] solution that target for instance UEs moving at high speed in order to improve the poor performance for these UEs in a heterogeneous network.
We are considering solutions where the primary processing is done by the UE, while keeping the control in the network. This means that Gray-listing is implemented by means of UE measurement reporting control, and the current UE based MSE that is slightly modified to achieve the required enhancement. 
3
Enhanced Mobility State Estimation 
3.1
Early updating of MSE
The technical specification [18], define MSE state detection criteria in 5.2.4.3 in terms of thresholds on a cell reselection count that applies when UE is in RRC IDLE state. The state detection criteria applying to UE in RRC CONNECTED state are the same, only parameter naming differs and applies to handover count instead of cell reselection count. That is 

State detection criteria:

Medium-mobility state criteria:
- If number of handovers during time period t-Evaluation exceeds n-CellChangeMedium and not exceeds n-CellChangeHigh
High-mobility state criteria:
- If number of handovers during time period t-Evaluation exceeds CellChangeHigh

The sliding window approach, as considered in [15] concludes that the mobility state estimation delay is decreased. This is in accordance with our observations also. Especially since the rate of handover increases with speed and cell density, the mobility state estimate is very quickly established for a UE moving at high speed when applying the early updating, in particular in a network with high density of small cells. We have considered t-Evaluation equal to 30 s and 120 s. In both cases the average time to first update of mobility state to High-mobility for a UE moving at 120 km/h is less than 20% of t-Evaluation. This applies to MSE parameter setting such that 90% of UEs moving at 120 km/h are in High-mobility state. If High-mobility is set to include 60 km/h the UE will on average enter the high mobility state after 10% of t-Evaluation. Based on this we observe the following:

Observation 1: Early evaluation of the MSE reduces the time to first mobility state estimate to a small fraction of t-Evaluation, implying that the initial Normal-mobility state after entering RRC CONNECTED state is not significantly impacting the mobility performance.

3.2
MSE enhancement to overcome dependency on small cell density

Mobility State Estimation (MSE) is used to provide speed dependent solutions like the Gray-listing algorithm [2] with an estimate of the mobility state of a UE as one of Normal-, Medium- or High-mobility. The MSE is not providing an actual speed estimate, but there must be sufficient correlation with speed for MSE to be capable of classifying with high probability, for instance, a UE moving at high speed as High-mobility state. 

The current MSE is less accurate in HetNet, since it treats all cells alike and since the rate of handover is clearly higher in areas where small cells are deployed implying that MSE is positively biased by the small cell density. Therefore there is a clear need to provide an enhanced MSE that is less sensitive to the small cell density. 

As part of the e-mail discussion [19] a MSE option of counting only macro-macro handovers was proposed. The rational was that ignoring the small cells from MSE in HetNet should work as MSE in a macro-only network. This is almost the case when considering a low density of small cells of 1-2 small cells per macro cell, since the likelihood of a UE moving from coverage by one macro to the coverage by another macro via a small cell is very low. At high densities of small cells it becomes very likely that such transition is done via a macro-pico, pico-macro set of handovers, and possibly with one or more pico-pico handovers in between. In such a case there is no macro-macro handover, so the MSE count achieved in the macro-only case is absent. So, when counting only macro-macro handovers the MSE is negatively biased by the small cell density.

Observation 2: The current MSE is positively biased by the small cell density, and a MSE that counts only macro-macro handovers in HetNet is negatively biased by small cell density. 

This suggests that one can reduce the bias by giving pico-related handovers a fractional weight for increment of the MSE counter. The enhanced MSE (eMSE) proposed in this document implements precisely this solution, by which it greatly reduces the bias. To better illustrate the way it works Figure 1 and Figure 2 shows the trends in rate of handovers as a function of speed and pico density, and the result of applying the eMSE weighting to these rates at each speed.
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Figure 1 Handover rates for UEs moving at 120 km/h in networks with different pico densities.
Lower and upper dotted lines show the trends in total and macro-macro handovers as a function of the pico density.
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Figure 2 Handover rates for UEs moving at different speeds in networks with different pico densities.
The left plot shows total rates. 
The right plot shows the weighted sum of the macro-macro, macro-pico, pico-macro, and pico-pico handovers. 

The weights applied to (macro-macro macro-pico pico-macro pico-pico) handovers are in this case (1 0.45 0.25 0.1). The plots show that when applying these weights the bias almost vanishes. The results are not very sensitive to the weights. For instance weights (1 0.5 0.25 0.125) gives almost identical result. The numerical region of optimal values may, however, shift when considering other deployments, or other types of cells, so we are not proposing a standardized set of values, in order to facilitate adaptation to best performance in such cases.  What this achieves are rates of handover that depend solely on the UE speed with no bias from the pico cell density. Results prove that the bias in the estimate almost vanishes when applying eMSE.

We observe that a special case of this scheme is achieved by applying binary valued weightsm i.e. all 0 or 1, that is effectively ignore some handovers and count others, which is in  accordance with the procedure proposed in [11]. We do, however,  find that the weights required to eliminate the bias are generally fractional values between 0 and 1, so counting only some handovers is a sub-optimal case. The complexities of the two solutions in terms of standards impact, signalling overhead, and UE impact are equal. 

Observartion 3: By applying eMSE that weights macro-macro, macro-pico, pico-macro, and pico-pico handover counts differently one can achieve a handover count that depends on UE speed with bias from small cell density almost removed. 

An implication of removing the bias on small cell density is that the same setup of the mobility state thresholds, n-CellChangeMedium and n-CellChangeHigh, may be used independent on the small cell density. To achieve same correlation between mobility state and UE speed for the current MSE the thresholds must be constantly reconfigured to match the local small cell density, Table 1, which in turn causes signalling overhead. This is a non-trivial task, first since the local small cell density may vary even within the same macro coverage area, second since the reconfiguration to adapt the thresholds may cause the UE to restart the MSE evaluations, in which case the evaluation period t-Evaluation will rarely be reached. 

Observation 4: eMSE removes the MSE bias from small cell density and it is feasible to apply same setting of the mobility state thresholds, n-CellChangeMedium and n-CellChangeHigh. 

The proposed eMSE solution involves determining the MSE counter increment weight depending on the types of the cells that the UE left (source cell) and entered (target cell), i.e. macro-macro, macro-pico, pico-macro, and pico-pico. During the handover procedure the source eNB selects the target cell and target eNB generates the message used to perform the handover. Thus, it is possible for source eNB to apply a UE specific mobility state increment value [4], which is dependent on the characteristics of cell types involved in the handover. The eNB is not aware of the cell types as macro and pico, but of interest here is the cell size, which can be determined by the UE history field “Cell size”, ENUMERATED (verysmall, small, medium, large, …).  We have shown that it is feasible to implement eMSE based on two types of cells. It is straight forward to extend this to apply to the four values currently defined for cell size.

The proposed implementation of eMSE therefore is for the network to determine the MSE counter increment value, based on the handover type, which is then signalled to the UE as part of the RRCConnectionReconfiguration message (i.e. handover command). This means that the MSE processing is kept in the UE as it is, i.e. the UE performs MSE according to the current specification, only the increment of the MSE counter is a value received from the network, as opposed to always incrementing by 1. This means that there is no need for signalling information like neighboring cell characteristics to the UE to allow UE to determine the MSE counter increment value. The information is known by the network that applies it and signals the result as a single numerical value. Future improvements to the network determinationof the MSE counter increment value, e.g. by taking other cell or network characteristics into account, can be implemented by the network and require no changes to the UE processing.

Proposal 1: The proposed eMSE is based on an unchanged UE-based MSE with network-based calculation of the MSE counter increment that is signalled to the UE. Possible future enhancements to MSE related solutions can be implemented by the network without impacting the UE.
3.3
MSE in RRC IDLE state

Using the early update of MSE in connected state, as described above, the proper state is reached so quickly that an initialization of RRC_CONNECTED mobility state based on RRC_IDLE mobility state from the MSE for the previous idle period brings only a very marginal gain. Also the MSE for idle state is generally expected to apply more conservative settings, i.e. longer evaluation period, in which case the process for idle and connected differ. Therefore, porting the mobility events, i.e. cell reselections, to the connected state is not straight forward due to the likely different setup of the two MSE processes. Since the early evaluation is sufficient there is no need to introduce further complexity.

Observation 5: Initialization of RRC_CONNECTED state MSE based on prior RRC_IDLE state MSE brings unnecessary complexity, since the early update of MSE is sufficient.  

Observation 6:  We have not identified scenarios where an enhanced MSE for idle state, or a coupling of MSE for idle and connected state, would bring a significant gain in terms of mobility performance.

4
UE versus network based solution
It has been proposed that a network implementation of MSE is more beneficial compared to a UE based MSE implementation. We therefore consider the requirements for a network based implementation. There is no proposed algorithm for the network based MSE, so we are assuming that it is similar to the current UE MSE, which means that it is based on a history of mobility events and knowledge of the network deployment, e.g. weighting mobility events lower when they are related to small cells. 

When considering the RRC CONNECTED state the mobility events are handovers that are known to both the UE and network, since the network maintains the UE history information that includes a list of the last 16 cells visited and cell types. The general process is illustrated on Figure 3 that we believe is in accordance with the assumed process in [12],[13] and [14].
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Figure 3 The general process of a network based implementation of MSE.
The UE HistoryInformation is propagated via X2, the network recalculates the mobility information (for example MSE) based on the updated history, and acts accordingly by either signalling the mobility state to the UE for use in MSE dependent UE processes, or by configuring the UE processes that depend on the mobility state.  The proposed eMSE achieves the same by calculating the MSE using the MSE counter increment value, which was signalled to the UE. The signalling of an extra single value is a negligible overhead in the handover procedure, but also enables UE autonomous solutions, which can reduce the overall signalling overhead significantly.  
Regarding the MSE calculation at network, this must be done for every UE that has performed a handover, which means that there is a procedural overhead in the network. Also, when a handover must be not considered in the MSE because it it older than t-Evaluation, the MSE must be recalculated. The algorithm applied may differ from the current UE MSE, but for MSE to change when a UE stays long time in a cell, the MSE must be recalculated repeatedly (e.g. not only after a handover) while giving lower weight or discarding old handovers.
Regarding MSE based processes (i.e. processes that use MSE result as an input), these may be UE based, in which case the network needs to signal changes in the mobility state to UE, which then act accordingly. Some parametrized processes, such as TTT scaling, depend on the MSE in which case it is possible for the network to reconfigure the parameter setting whenever the mobility state changes. For instance network based parameter scaling, as considered in [14], imply a reconfiguration by NW of measurement triggers when the mobility state changes. This clearly introduces a signalling overhead, at least as far as the extra reconfigurations required when the mobility state change is not due to a handover (e.g. no events during t-Evaluation). 

A more serious problem with a network-based MSE is the limitation with solutions that take the UE MSE as an input to autonomous operation aiming at minimizing the signalling overhead, and lowering the related delays of operation. Therefore there don’t seem to be gain in moving the current UE-based MSE to the network side.

MSE dependent UE autonomous solutions, which aim at minimizing signalling and related delays in operation, require that changes in the mobility state are signalled to the UE, which means that the solutions cannot be UE autonomous, unless the current UE-based MSE is used..  
Observation 7: Several issues have been observed regarding network based MSE. The current MSE is UE based, and there is no proposed algorithm for network implementation. There will be a procedural overhead of updating UE mobility state in network, and a signalling overhead from setting up UEs. And, MSE dependent UE autonomous solutions benefit from using the current UE based MSE. 

It is concluded that it is beneficial to keep the current MSE, as evaluated by the UE, as opposed to moving this evaluation to the network side, especially with the eMSE, where the UE evaluation is assisted by the network in order to achieve a stable and accurate mobility state that is readily available for application by for instance UE autonomous solutions that minimize the signalling overhead. 
5
Performance Results
Simulations have been run using 2, 4 and 10 pico/macro-cell for the following intra-frequency cases:

•
Reference case; no MSE, no TTT scaling, TTT=256ms for all cells and for all users

•
Current MSE and eMSE; 
TTT scaling, TTT = [256, 256, 128], for normal, medium and high mobility states respectively.

See appendix A for more detailed information on the simulation setup.

MSE evaluation time windows, t-Evaluation, of 30 s and 120 s have been simulated. The High-mobility state thresholds have been selected such that UEs moving at 120 km/h are in High-mobility 90% of the time, i.e. the 10%-tile of the distribution of all MSE counters collected at every time step and for all UEs. The Medium-mobility state threshold has been set to approx. half this value. This setup has been chosen arbitrarily, and optimizations on this have not been considered. The thresholds are shown in the Table 1below.

Table 1 The mobility state thresholds for which a UE moving at 120 km/h will be in High-mobility state 90% of time.
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t-Evaluation: 30 s      120 s 30 s      120 s

2 picosper macro 3 / 5      9 / 18     2 / 4      7 / 14

4 picosper macro 4 / 7    12 / 24 2 / 4      7 / 14

10 picosper macro 6 / 11   18 / 36   2 / 4      7 / 14


We now consider the mobility performance comparing eMSE with constant thresholds and current MSE with adapted thresholds, and then of course to the reference case of not using MSE. Legends may show as MSE(m,n), where m and n are the medium and high thresholds. We first consider results for t_Evaluation of 30 s.

Detailed results are found in Appendix B whre we observe that 

· The rate of handover is not impacted by MSE, except for a small increase at high speed due to TTT scaling. 

· The rate of radio link also failure is clearly improved by applying MSE, and is the same for current MSE and eMSE.

· The off-loading to pico cells is not dependent on MSE. 

The short Time of Stay increases at higher speeds when applying MSE, which is due to the down-scaling of the handover Time to Trigger that increase the amount of handovers caused by variations in shadow fading when moving along a cell border.
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Figure 4 Rate of radio link failure. Current MSE mobility thresholds adapted to pico density.
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Figure 5 Rate of short Time of Stay. Current MSE mobility thresholds adapted to pico density.

The above results for current MSE implies that a UE will experience frequent changes to the mobility state thresholds when moving through areas with different densities of pico cells. Although the current standard allows for such adaption of the thresholds, it is uncertain how the UE will handle the change. The most likely is a reset of MSE whenever the setup changes, in which case MSE will not work properly. Another issue is that it requires a planning effort to assign proper mobility state thresholds to each cell, and this must be reviced whenever new cells are deployed. 

With eMSE we achieve the same performance as current MSE with adapted thresholds, which means that above  feasibility and practicality issues do not exist.

Observation 8: The current MSE requires mobility state threshold adapted to local cell density in order to achieve best performance. The frequent changes to MSE setup may cause UEs to reset MSE, rendering it useless. It also requires a planning effort that must be reviced whenever new cells are deployed. eMSE achieves the best performance using same threshold throughout network, so solves both issues. 
Now consider the average distribution of UEs on the mobility states, as show on Figure 6. See appendix B for a description on how these distributions are produced, and for more details. REF _Ref351637955 \h 
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Figure 6 Distribution of mobility state for different pico density and UE speed.

The figures 6 show the distributions of the mobility state when selected as described in the beginning of this section, i.e. to achieve 90% High-mobility for UEs moving at 120 km/h, for the case of 4 picos per macro. The left and right figures show distributions when applying current MSE and eMSE respectively. For current MSE we observe that one cannot clearly see if a higher mobility state is due to a higher density of picos, or a higher UE speed. For eMSE the dependency on pico density is much less, and one can clearly separate speeds based on mobility state.

Observation 9: When using same mobility state thresholds all over a network the eMSE is able to distinguish  UE speeds, where current MSE is influenced by the densitiy of small cells. 
6
Overall evaluation

Table 2 summarizes the solution details based on the proposed evaluation in [22].

Table 2: Aspects for solution evaluation
	Criteria
	Description

	Mobility performance
	The eMSE is a pre-requisite to other enhancements that improve mobility performance. It is intended to help improve the mobility performance achieved by solutions based on MSE, such as Gray-listing [2], and to improve the poor accuracy of the MSE, according to [1]. So an evaluation of the mobility performance by eMSE must be made by evaluating the solutions that use eMSE.

	Standard effort
	The impact to standard is very minimal as this eMSE requires RRC signalling of only an increment value (a new field) in a message e.g. RRCConnectionReconfiguration. Field description for the newly added field can provide guidance to NW implementers that the increment value is based on NW knowledge of source and target cell types involved in the handover. Minimal changes to UE behaviour to say that instead of incrementing the MSE counter by 1 the UE increments it by the value signalled by the NW.

	Signalling overhead
	The signalling overhead has also been kept to a minimum by signalling a single value which can range between 0 and 1 as the MSE increment value.See section on standars impact for details. 

	Backward compatibility
	The eMSE solution applies only to newer release UE and NW . Legacy UE will perform MSE as usual, i.e. count all cells alike. This means that they will achieve a mobility state that is biased by pico density, hence not optimal. It will work, only poorer for legacy UEs. 

	Idle UE applicability
	The eMSE solution is mainly targeted for connected mode UE for the offload to small cell use case which is the focus of the HetNet work item. MSE for RRC idle state are proposed to stay the same, so no change in performance of idle state UEs. A coupling between idle and connected state is found unnecessary when one applies early updating of the mobility state.

	Configuration Impact
	eMSE depends on NW signalling the MSE counter increment value. This value signalled by the NW depends on the cell types involved during handover. The NW has to have knowledge of cell types involved in the handover. It is expected that when cells are configured and deployed the cell type information is expected to be configured through OAM.

	Implementation Impact
	NW implementation to signal a MSE counter increment value based on cell types involved in handover that is determined based on configured OAM information is not a complex operation to be implemented. UE behaviour in terms of eMSE handling is no different from MSE in that it just involves incrementing the MSE counter, except that with eMSE it is incremented based on the NW signalled value. This UE behaviour implementation is also not a complex operation.


Addition to [22], we think that it is important to also evaluate the operation of enhanced MSE in terms of traffic off-load into small cells to maximize the investment to small cells. 

	Off-load impact
	The eMSE is a pre-requisite to other enhancements which aim at off-loading UEs to small cells. It is intended to improve the off-load control by solutions such as Gray-listing [2], which classify the UEs based on UE-based eMSE and fast moving UEs autonomously try to avoind connecting to small cells.


7
Concluding Remarks

This paper evaluates the needs to enhancing the Mobility State Estimation for deployments of Heterogeneous Networks.  An enhanced MSE solution has been proposed and compared to 3GPP Release 10 reference performance as well as to proposal where only the macro cells are counted for MSE estimate. It has been shown that the Rel-10 MSE is positively biased by the pico density, while a modified MSE that counts only macro-macro handovers is negatively biased by pico density. 

We have also shown feasibility when network applies eMSE with cell specific weights (macro-macro, macro-pico, pico-macro, and pico-pico handovers weighted differently in the MSE). As a result MSE is correlated with UE speed and bias from pico density almost removed, which makes it feasible to apply same setting of the mobility state thresholds throughout the network. The solution may be extended to cover the four types of cells as defined for the UE history cell size field.

Proposal 1: The proposed eMSE is based on an unchanged UE-based MSE with network-based calculation of the MSE counter increment that is signalled to the UE. Possible future enhancements to MSE related solutions can be implemented by the network without impacting the UE.

One of the solution evaluation details was to consider idle state UE MSE applicability. It was observed that initialization of RRC connected state MSE based on prior RRC idle state MSE introduces unnecessary complexity. The early evaluation of UE MSE seems to be is performing well. 

In this paper we have also evaluated the option of network based MSE. It was observed that network based MSE using information element UE history information is possible and provide the same mobility state at network as the MSE in UE. Further actions on how to use the estimated mobility of UE are for implementation. However, it was observed that network-based MSE requires periodical recalculation of MSE, e.g. not only after a handover, for all UEs, which implies a procedural overhead to the network.It was found out that using network based MSE the solutions that aim minimizing mobility problems require increased signalling and related delays compared to UE autonomous solutions. With the enhanced UE-based MSE, the mobility state is already in the UE, so it brings no gain to move the current MSE to the network. Network based MSE is not expected to bring gains compared to UE based MSE. 
In this paper we have shown that the eMSE applying mobility state thresholds that are independent on the pico density achieves same performance in terms of handover, radio link failure, off-loading to pico, and short Time of Stay as Rel-10 MSE with mobility state thresholds that are adapted to the pico density. 
To complement the eMSE proposal Gray-listing has been presented in [2], which is shown to significantly gain from eMSE. Therefore it is seen important at first to improve MSE to enable advanced mobility solutions to improve mobility robustness in HetNet deployments.
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Appendix A, Simulation parameters

The simulations are in accordance with [1], with cases covering 2, 4, and 10 pico cells randomly placed in each macro area. 

MSE parameters, TS 36.331MobilityStateParameters.
	MSE Parameter
	Value

	t-Evaluation, mobility evaluation period

	30s, 120s

	t-HystNormal, hysteresis back to normal state
	30 s

	n-CellChangeHigh, High-mobility state threshold
	Chosen such that a given proportion of UEs moving at 120 km/h are in High-mobility state. As examples proportions of 90% and 80% were arbitrarily chosen for the cases with t-Evaluation of 30 s and 120 s respectively. See Table 1 in section 5.

	n-CellChangeMedium, Medium-mobility state threshold
	This is arbitrarily set to approx.half the value of n-CellChangeHigh. See Table 1 in section 5.


Mobility related parameters.

	Parameter
	Value

	Handover 
	 Time To Trigger (TTT):  256 ms in normal Mobility
A3 offset:                          3 dB  (macro and pico)

	Handover TTT Scaling factors
	sf_medium:  1.0, sf_high:  0.5

	Radio Link Failure (RLF)
	Qout:  - 8 dB,  Qin:  -6 dB,  T310:  1 s

	Short Time of Stay (ToS) period
	1 s

	Measurements Rate
	0.1 s

	HO Execution Time (including Preparation)
	0.1 s

	RSRP error – zero mean Gaussian
	1 dB std

	Filtering Factor K
	4


Appendix B, Detailed simulation results

General comments on the setup, and selection of MSE thresholds are found in section 5, and the main simulation parameters are listed in appendix A.

We first consider the mobility performance comparing eMSE with constant thresholds and current MSE with adapted thresholds, and then of course to the reference case of not using MSE. Legends may show as MSE(m,n), where m and n are the medium and high thresholds. We first consider results for t_Evaluation of 30 s.
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Figure 7 Rate of handover. Current MSE mobility thresholds adapted to pico density.
We observe that that the rate of handover increases with pico density and with UE speed. The rate is the same for noMSE, current MSE, and eMSE, except for a small increase, relative to no MSE, for MSE at 60 km/h and even more at 120 km/h. The increase is approximately the same for current MSE and eMSE. The reason is the down-scaling of the handover Time to Trigger for the UEs in High-mobility state.
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Figure 8 Rate of radio link faulure. Current MSE mobility thresholds adapted to pico density.
The rate of radio link failure also increases with pico density and with speed. It is clearly improved by applying MSE due to the scaling of handover parameters, and within the accuracy of using integer mobility state thresholds the performance of current MSE and eMSE is the same. The mobility state thresholds used in simulations are are interger valued as by current standard, although weighted counting produce fractional valued counts, so it is feasible to introduce also fractional values thresholds. This would improve accuracy, especially for low t-Evaluation. For example the value of 4 for high mobility state threshold is actually read as 4.5. This accounts for a slightly higher percentage of 120 km/h UEs being classified as High-mobility compared to the chosen requirement, see Figure 14 where target for the value at 4 pico and 120 kmph is 90%, but achieves approx. 92%. This impact is marginal, so there is no need to introduce fractional mobility state thresholds. 
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Figure 9 Avg. percentage of users off-loaded to pico cells. 
Current MSE mobility thresholds adapted to pico density.
The off-loading to pico cells increase with the pico density. It goes down with speed due to the UEs staying shorter time in the pico coverage area, which means less time for the handover to trigger. Some UEs passing the outskirts of the pico coverage area that will handin to the pico due to the down-scaled TTT, but the proportion of UEs experiencing this is very low. The effect of down-scaling to the UEs passing more directly is a faster handin and a faster handout, so the UE stays the same time. The net effect from MSE is negligible, and certainly much less than the general impact of the UE speed.
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Figure 11 Rate of Short Time of Stay. Current MSE mobility thresholds adapted to pico density.
The rate of short Time of Stay is increasing with pico density and UE speed. For higher speeds the rate is increased when applying MSE, which is due to the down-scaling of the handover Time to Trigger for UEs in High-mobility state. The extra short stays are due to ping-pong when moving along a macro border, such that a high speed UE with low handover TTT has time to trigger several handovers due to variations in shadow fading. This is the reason that the increased rate of Short ToS do not show up as a decreased pico off-loading, since the increase does not stem from  shortened stays in pico cells.
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Figure 13 Distribution of mobility state for different pico density and UE speed, when using Rel-10 MSE.

The Figure 13 shows the distribution of mobility states for different pico density and UE speeds. They are created by collecting at each time step and for each UE the mobility state, and the calculating the imperical pdf (relative frequencies) of the number of counts for each mobility state. The left figure show the results for applying current MSE that is adapted to the pico density. The right figure shows the same, only when applying in all cases the mobility state thresholds found for 4 pico per macro. The latter choice of using the thresholds for 4 picos means that UEs tend to have too low mobility state 2 pico density, and too too high mobility state at 10 pico density. 

What we would like to achieve is a distribution with low dependency on the pico density, or at least lower then the dependency on UE speed. The MSE method has an inherent accuracy in terms of handover count dependency on speed, or vice versa the probability of a given speed when knowing the mobility state. This is a given feature of the method, so what we are trying to achieve is a minimal impact on this distribution from the pico density, so that we get the best accuracy. This is achieved by adapting the mobility state thresholds to the pico density, which we would like to avoid.   

In order to simplify the analysis consider the correlation between High-mobility state and UE speed. Table 1 shows the percentages of High-mobility for UEs at each of the considered speed. The range of percentages at each speed is a measure of the influence by pico density. It is clear that eMSE achieves at least a good as the best current MSE with adapted thresholds. We see approx. same percentages of high speed UEs in High-mobility state, and less low speed UEs in High-mobility state, when comparing eMSE to current MSE with adapted thresholds. 

When not adapting the thresholds for current MSE roughly twice the amount of medium speed UEs get classified as High-mobility. And, we clearly see a much higher dependency on pico density. In this case there is roughly same impact from doubling the speed as from doubling the pico density. 

Table 3 Percentage High-mobility state averaged over UEs and time.
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Figure 14 Distribution of mobility state when using eMSE

Figure 10 shows the distribution mobility state when using eMSE that uses mobility state thresholds independent on the pico density. The correlation between mobility state and speed is same as for current MSE with adapted mobility state thresholds. There is a small dependency on pico density, but no more than one can still distinguish the speed groups. The left figure shows the distributions for t-Evaluation of 30 s, where the right figure shows the distributions for t-Evaluation of 120 s.

The distributions for t-Evaluation of 30 s ad 120 s are almost identical, so to show the impact of a different setting, the mobility state thresholds for t-Evaluation of 120 s have been chosen, such that UEs moving at 120 km/h are in High-mobility state on average 80% of the time.

The conclusions for t-Evaluation of 120 s regarding the mobility performance KPIs are the same as for 30 s, only with the increased evaluation window the range of the MSE counter is higher, i.e. higher average number of handovers within the time window, which means that the integer setting of thresholds is more accurate. 

