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1
Introduction
In LTE Release 11 Study item, HetNet Mobility improvements for LTE [1], one of the objectives was:

· Evaluate performance benefits of enhanced UE mobility state estimation and related functionalities, and other possible mobility solutions to take different cell-sizes into account.
During the study item phase, several companies proposed different kind of enhancements for the Rel-8 Mobility State Estimation (MSE) procedure. See: Hetnet Mobility State Estimation Email Discussion [77#33]. In the summary of this email discussion, following was concluded [2]:

· Majority of the companies see a need for enhancing MSE procedure.
· One of the biggest issues was the stability of the existing MSE procedure in heterogeneous environment which makes MSE procedure either complex to configure or unreliable to use especially for small cell avoidance purpose.
During the studies, weighting based MSE enhancement was extensively investigated. It was shown that by weighting different handover types differently when counting them for MSE, a stable and small cell independent MSE process can be achieved [3-7].   

In this contribution, we evaluate the performance of several selective MSE counting based approaches and compare them with the baseline LTE Rel-8 MSE and weighting-based MSE scheme highlighting that simple selective handover counting can also result in a MSE algorithm that is stable and independent of small cell density. The performance evaluation was done by conducting system simulations in heterogeneous network environment with different random small cell deployment strategies. Other simulation assumptions and parameters were set in similar way as in Section 5.6.1 of TR 36.839. See appendix A for further clarifications on the simulations.
2
Mobility State Estimation Enhancements
2.1
LTE Rel-8 MSE Procedure (baseline)
In LTE Rel-8/9/10/11 MSE procedure, the basic principle is to count number of handovers (NCR) which occur during sliding time window TCRmax and compare the NCR to handover/reselection thresholds NCR_M and NCR_H for discriminating between Normal, Medium and High mobility states [8]-[9]. Thresholds are set in a way to 60 km/h UEs and 120 km/h UEs would be classified with medium mobility state and high mobility state, respectively. Figure 1 depicts the cumulative NCR distributions for LTE Rel-8 MSE procedure for different UE velocities in different hetnet deployments. In this case, all handovers are counted for NCR except intra-frequency ping-pong handovers which occur within ping-pong time of 1s.

Figure 1 indicates that cumulative NCR distributions get biased on right as small cell density increases from 2 small cells per macro cell (2P/M) to 10 small cells per macro cell (10P/M). Similar kind of observation was done earlier during the Rel-11 study i.e., in [5]. Such behaviour can be expected since the average handover rate per second is proportional to the inter-site distances in case UE velocity is fixed. Therefore, as small cell density increases, more handovers occur during sliding time window TCRmax resulting in positive bias on cumulative NCR distributions in case of denser small cell environments.
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Figure 1: Baseline MSE
2.2
Weighting based MSE
This section shows the performance of weighting based MSE enhancement. The basic principle of weighting based MSE is to weight handover types differently when counting them for NCR. For example, the weighting of macro-macro handovers with 1, macro-pico handovers with 0.45, pico-macro handovers with 0.25 and pico-pico handovers with 0.1 was used in [4], whereas in baseline MSE all handovers are counted with same weight 1 [5]. Figure 2 shows the cumulative NCR distributions for weighting based MSE indicating that handover type weighting works making MSE process stable and small cell independent since NCR distributions depend mainly on the UE velocities rather than the number of deployed small cells. This allows using same NCR thresholds e.g., NCR_M and NCR_H, in all environments regardless of the number of deployed small cells but requires some sophisticated rules for selecting the proper weights for each practical deployment scenario.
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Figure 2: Weighting based MSE
2.3
Selective MSE
In this section, the performance of MSE with selective counting is discussed. The basic principle of selective counting procedure is to indicate to UE (e.g. when sending the handover command to the UE, i.e. in the RRCConnectionReconfiguration–message with mobilityControlInfo) which handovers are counted for MSE. Following selective counting schemes for MSE are studied in this contribution:

· Selective MSE #1: Count only handovers between macro cells.

· Selective MSE #2: Count only macro-macro and pico-macro handovers.

· Selective MSE #3: Count only handovers where dominant macro cell changes.
Figure 3 shows the cumulative NCR distributions for selective counting where only handovers between macro cells are contributing to the NCR distributions. Figure 3 indicates that such counting scheme gets negatively biased on left as small cell density starts to increase. This behaviour is as expected if many small cells are placed near the macro cell borders. When small cell density starts to increase, more and more macro-macro handovers are replaced with small cell related handovers, and therefore, negative bias starts to appear in denser small cell networks. Similar kind of observation was made earlier in [5] as well. 
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Figure 3: Selective MSE #1
Figure 4 shows the cumulative NCR distributions for the second selective counting scheme where handovers between macro cells and outbound small cell handovers are contributing to the NCR distributions. In this case, the NCR distributions are more stable than the Rel-8 MSE distributions in Figure 1 and the Selective MSE #1 distribution in Figure 3, although there is some positive bias in 60 km/h and 120 km/h UE velocity cases. However, the bias is similar to what was observed in Figure 2 in case of the weighting based MSE.
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Figure 4: Selective MSE #2

Figure 5 shows the cumulative NCR distributions for the third selective counting scheme where handovers between the cells are counted only if the dominant overlaying macro cell is changing as well. This means that handovers between macro cells are counted always. In addition, small cell related handover is counted only, if the overlaying macro cell is changing as well. This means that if the small cell is located in the center of the dominant macro cell, then the dominant macro cell is not change either in inbound or outbound handover situations, and therefore, those handovers are not counted for MSE. However, if the small cell is deployed near the macro cell borders, then the dominant macro cell may change in macro-pico, pico-macro or pico-pico handover situations, and in those cases, the handovers are counted for MSE. 

Figure 5 indicates that such a selective counting can result in stable MSE performance where NCR distributions depend mainly on the UE velocities rather than the small cell environment. 
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Figure 5: Selective MSE #3
Note: It is assumed that when UE is in RRC CONNECTED state, eNBs can become aware of the overlaying macro cells, and thus, the verification whether or not overlaying macro cell is changed in a particular handover would be known by the source (pico) eNB, which could cause small additional eNB-side complexity. Thus, only one bit indicator whether or not handover is counted for MSE is needed. The same indicator could be used for discriminating between load balancing and mobility triggered handovers.
Following observations were from Figure 1 – Figure 5.

Observation 1: As the small cell layer gets denser, there is a positive bias in NCR distributions. (See Figure 1)
Observation 2: Handover type weighting results in a stable MSE procedure. (See Figure 2)
Observation 3: There is a strong negative bias in NCR distributions as small cell layer gets denser. Therefore, by counting handovers only between macro cells do not result in a reliable MSE procedure. (See Figure 3)
Observation 4: By modifying which handovers are counted, the selective handover counting can result in a stable MSE performance as well. (See Figure 4 and Figure 5)
3
Mobility Robustness of the MSE Schemes

In this section, mobility robustness of different MSE schemes is investigated. Goal is to illustrate how number of radio link failures per successful handovers per second (RLF/HO/s) metric starts to decay as MSE schemes scale A3 event time-to-trigger (TTT) value properly. RLF/HO/s metric is updated in periods of 20 seconds. It is assumed that UE MSE state is normal in the beginning of the simulation when UE establishes the connection regardless of the UE velocity e.g., RRC IDLE state MSE information is not available and UE’s NCR count is zero. This means that MSE procedure needs to run several tens of seconds until sufficient amount of handovers are counted for estimating correctly the mobility state. Moreover, all eNBs were configured with same MSE thresholds regardless of the environment e.g., NCR_M = 10 and NCR_H = 16.

Figure 6 shows the performance results in case UE velocity is 120 km/h in dense 10 pico cells per macro cell environment. Figure indicates that Selective MSE #1 results in poorest performance as RLF/HO/s decays slowest and remains higher whereas Rel-8 MSE results in the best performance. Fast decaying and good overall mobility robustness of Rel-8 MSE is explained with positively biased NCR distributions. If NCR thresholds are set according to sparse small cell environment then positive bias in denser network results in a larger fraction of UEs indicating higher MSE states (incorrectly). This means, that medium velocity UEs are classified to high MSE category as shown also in Appendix B of [6]. Therefore, positive bias of NCR distributions results in good mobility robustness (due to stronger scaling) but may reduce offloading opportunities if UEs with high MSE state are not allowed to handover to small cells. Same conclusion is made for UEs moving with 60 km/h in Figure 7. 

Poor performance of Selective MSE #1 in Figure 6 and Figure 7 can be explained with negatively biased NCR distributions. Negative bias results in a larger fraction of 120km/h and 60 km/h UEs indicating incorrectly lower MSE state, and therefore, high velocity UEs end to use longer time-to-trigger values than what they should use. This results in poor mobility robustness performance. In case of positively or negatively biased NCR distributions, the cure would be to adjust the NCR threshold properly according to the environment and the expected UE velocities. However, such a threshold tuning might be time consuming and complex procedure, especially, in environments where small cells are switched on/off dynamically, as is expected to be possible in Rel-12 deployments. On the other hand, such tuning might result in MSE process which works for IDLE and CONNECTED mode UEs without significant signaling changes.
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Figure 6: Mobility robustness of different MSE schemes for 120 km/h UE velocity
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Figure 7: Mobility robustness of different MSE schemes for 60 km/h UE velocity
Moreover, Figure 6 and Figure 7 indicate that performances of stable MSE schemes e.g., Weighting based MSE, Selective MSE #2 and Selective MSE #3, are in between of Rel-8 MSE and Selective MSE #1 performance. For all stable MSE schemes, the RLF/HO/s metric decays slightly slower than in case of Rel-8 MSE but the overall performance is better than in case of Selective MSE #1. Performance of Selective MSE#2 tends to be slightly better than the performance of Selective MSE #3. This is assumed to be caused by a slightly larger positive bias in NCR distribution for medium and high velocity UEs in dense small cell environments as depicted in Figure 4.
Following observations were obtained from Figure 6 – Figure 7.

Observation 5: Long TCRmax and larger NCR_M and NCR_H thresholds results in slower convergence time of MSE procedure which can cause unwanted side-effects e.g., higher RLF/HO/s rates, for network-based MSE schemes if RRC IDLE state MSE information is not available. Therefore, it is important that IDLE state MSE information is available when connection is established.
Observation 6: Positively biased NCR count results in robust mobility performance but can be harmful for small cell offloading if small cell avoidance is used. (See Figure 1)
Observation 7: Negatively biased NCR count results in poor mobility performance due to the fact that medium and high velocity UEs tend to be classified incorrectly with too low MSE class, and thus, UEs use longer time-to-trigger values than expected. (See Figure 3)
Observation 8: Harmful side effects of positive and negative bias can be compensated by adjusting MSE NCR thresholds NCR_M and NCR_H. However, manual tuning might be complex, time consuming and cost-inefficient. On the other hand, such tuning might result in MSE process which works for IDLE and CONNECTED mode UEs without significant signaling changes.
Observation 9: Another way of compensating the effect of bias is to use stable MSE schemes were NCR distributions and optimal decision threshold depends only on the UE velocities rather than small cell density. However, these schemes either require weight signaling per handover or 1 bit indicator whether or not handover is counted in CONNECTED mode.
According to the Observations 1-9, following enhancements for MSE process are considered.

Proposal 1: RAN2 to discuss how RRC connection re-establishments after RLFs should be taken into account in MSE NCR count for ensuring shorter MSE state convergence time e.g., especially if the connection is re-established to different cell than the cell where RLF occurred.

Proposal 2: RAN2 to discuss can horizontal-velocity IE, which is already included in best effort manner in UE RLF reports [9], be used for enhancing MSE i.e., by reporting it (if available) to the eNB together with the RRM measurement reports in case MSE is used. 

4
Conclusion

The following observations were made on the results shown in the paper:

Observation 1: As the small cell layer gets denser, there is a positive bias in NCR distributions. (See Figure 1)

Observation 2: Handover type weighting results in a stable MSE procedure. (See Figure 2)

Observation 3: There is a strong negative bias in NCR distributions as small cell layer gets denser. Therefore, by counting handovers only between macro cells do not result in a reliable MSE procedure. (See Figure 3)

Observation 4: By modifying which handovers are counted, the selective handover counting can result in a stable MSE performance as well. (See Figure 4 and Figure 5)
Observation 5: Long TCRmax and larger NCR_M and NCR_H thresholds results in slower convergence time of MSE procedure which can cause unwanted side-effects e.g., higher RLF/HO/s rates, for network-based MSE schemes if RRC IDLE state MSE information is not available. Therefore, it is important that IDLE state MSE information is available when connection is established.

Observation 6: Positively biased NCR count results in robust mobility performance but can be harmful for small cell offloading if small cell avoidance is used. (See Figure 1)

Observation 7: Negatively biased NCR count results in poor mobility performance due to the fact that medium and high velocity UEs tend to be classified incorrectly with too low MSE class, and thus, UEs use longer time-to-trigger values than expected. (See Figure 3)

Observation 8: Harmful side effects of positive and negative bias can be compensated by adjusting MSE NCR thresholds NCR_M and NCR_H. However, manual tuning might be complex, time consuming and cost-inefficient. On the other hand, such tuning might result in MSE process which works for IDLE and CONNECTED mode UEs without significant signaling changes.

Observation 9: Another way of compensating the effect of bias is to use stable MSE schemes were NCR distributions and optimal decision threshold depends only on the UE velocities rather than small cell density. However, these schemes either require weight signaling per handover or 1 bit indicator whether or not handover is counted in CONNECTED mode.
Based on these, the following proposals are made:
Proposal 1: RAN2 to discuss how RRC connection re-establishments after RLFs should be taken into account in MSE NCR count for ensuring shorter MSE state convergence time e.g., especially if the connection is re-established to different cell than the cell where RLF occurred.

Proposal 2: RAN2 to discuss can horizontal-velocity IE, which is already included in best effort manner in UE RLF reports [9], be used for enhancing MSE i.e., by reporting it (if available) to the eNB together with the RRM measurement reports in case MSE is used. 
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Appendix A
Following simulation parameters were used during the simulations:
	Feature/Parameter
	Notes
	Value/Description

	3GPP Macro Cell Scenario
	Cell layout
	57 sectors/19 BSs

	
	Inter site distance (ISD)
	0.5 km

	Small cell layout
	Randomly placed
	0/2/6/10 small cells per macro cell

	Hotspot for UE movement/placement
	
	Polygon enclosing 6 centremost macro cells.

	Distance-dependent path loss
	Macro cell model (TS 36.814, Model 1)
	128.1 + 37.6log10®

	
	Pico cell model (TS 36.814, Model 1)
	140.7 + 36.7log10®

	BS Tx power
	Macro

Pico
	46 dBm

30 dBm

	Antenna Gain
	Macro

Pico
	15 dB

5 dB

	Shadowing standard deviation
	Macro

Pico
	8 dB

10 dB

	Shadowing correlation between cells/sectors
	
	0.5 / 1.0

	Shadowing correlation distance
	Macro

Pico
	25 m

25 m

	Multipath delay profile
	
	Typical Urban

	UE velocity
	
	3 km/h, 30 km/h, 60 km/h, 120km/h

	UE movement
	How do the UEs move in the cell?
	Random

	UE placement
	Proportion of UEs placed inside the pico hotspot(s) for each cell
	All

	TRCmax
	Sliding time window for MSE
	120s

	NCR thresholds
	MSE thresholds for discriminating between normal, medium and high mobility
	NCR_M = 10, NCR_H = 16

	TTT scaling factors
	For scaling A3 event TTT
	Sfnormal=1, Sfmedium=0.5, Sfhigh=0.25

	Handover parameters
	Threshold
Hysteresis

Time-to-trigger (normal mobility)
	2 dB

1 dB

480ms

	Ping-pong time
	Handovers which occur within ping-pong time are not counted for MSE.
	1000 ms.

	Intra RSRP/Q Measurement
	L1 measurement period

Measurement bandwidth

Measurement error standard deviation

L1 sliding window size
	40 ms

6 RBs

2 dB

5

	Handover preparation time
	
	50 ms

	Radio link failure monitoring
	Qout threshold

Qin threshold

T310

N310
	-8 dB

-6 dB

1000 ms

1

	Cell identification
	
	Ideal

	RRC messages Sent Over Air
	How measurement reports and HO commands are modelled?
	Enabled for MRO simulations

	Transmit mode
	UE receiver assumption
	1x2 MRC

	Number of calls/simulation
	
	350 active calls, average call length 240s.

	DL Interference load
	Macro, Pico
	100% RBs loaded
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