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1
Introduction
This document shows performance results of HetNet large area system simulations which were conducted after the simulator calibration campaign was finalized (see minutes from e-mail discussion [3]). The main goal of the simulation was to investigate how the mobility performance metrics as radio link failures, handover failures and short stay handovers behave in HetNet scenario consisting of macro cells and additional pico cell placed in each macro cell. As earlier in the hotspot calibration simulations, the mobility configuration sets 1-5 were simulated with UEs moving with a different velocity. The simulation assumptions regarding the HetNet large area system simulations e.g., call drop model and PDCCH failure model for the handover state 2 and state 3, are described in TR 36.839 [1] and other general simulation parameters are described in [2].
2
Simulation Scenario
The Large area HetNet simulation scenario consists of 57 macro cells with ISD of 500m and 30 pico cells as described in [1]. All users were distributed uniformly into a hotspot enclosing all pico cells. During the simulation, UEs moved with a constant velocity inside the hotspot. Table 1 shows the Hetnet mobility parameter sets and Table 2 shows the basic radio related parameters used in the simulations. In addition, the HetNet simulation performance in case of handover set3 with 30 km/h case was compared to a macro only scenario with the identical simulation parameters (i.e. same macro cell layout but without any pico cells).
Table 1: Configurations for the HetNet mobility simulation
	Profile
	Set 1
	Set 2
	Set 3
	Set 4
	Set 5

	UE speed [km/h]
	{3, 30, 60, 120}
	{3, 30, 60, 120}
	{3, 30, 60, 120}
	{3, 30, 60, 120}
	{3, 30, 60, 120}

	TTT [ms]
	480
	160
	160
	80
	40

	A3 offset [dB]
	3
	3
	2
	1
	-1

	L1 to L3 period [ms]
	200
	200
	200
	200
	200

	RSRP L3 Filter K
	4
	4
	1
	1
	0


Table 2: Configurations for the HetNet mobility simulation

	Items 
	Macro cell 
	Pico cell

	ISD
	500m 
	N/A

	Distance-dependent path loss 
	TR 36.814 [2] Macro-cell model 1
	TR 36.814 [2] Pico cell model 1

	Number of sites/sectors
	19/57
	30

	BS Antenna gain including Cable loss 
	15dB
	5dB

	MS Antenna gain 
	0 dBi
	0 dBi

	Shadowing standard deviation 
	8 dB 
	10 dB 

	Correlation distance of Shadowing
	25 m  
	25 m

	Shadow correlation
	0.5 between cells/ 1 between sectors
	0.5 between cells

	Antenna pattern  
	3D pattern as is specified in TR 36.814,  Table A.2.1.1-2 [2]
	Omni, as is specified in TR 36.814, Table A.2.1.1.2-3 [2]

	Carrier Frequency / Bandwidth 
	2.0Ghz/ 10Mhz 
	2.0Ghz/ 10Mhz 

	BS Total TX power 
	46 dBm 
	30dBm 

	Indoor Penetration Loss
	20dB
	20dB

	UE Receiver Antenna configuration 
	MRC 1x2
	MRC 1x2

	Minimum distance
	The same requirements as specified in TR 36.814.


3
Simulation Results
The simulation results consist of radio link failure (RLF) statistics, handover failure (HOF) statistics and short stay handover statistics. In addition, the total number of handovers and handover failures per UE per second has been analysed. The handover failure statistics were collected separately from macro-pico, pico-macro, macro-macro and pico-pico cases to better understand in which cases most of the handover failures were seen to occur.
3.1
Radio link failures
The overall radio link failure performance statistics for all handover sets are shown in Figure 1. As per 36.839, the RLFs are relativised to RLFs/UE/second.
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Figure 1: Radio link failures per UE per second.
The results indicate that the number of radio link failures is negligible for 3 km/h UEs. For higher velocities the RLF rate increases as velocity increases due to missed handover opportunities, but faster handover triggering reduces the number of RLFs significantly. Overall, we find that the handover set 4 results in the best overall RLF performance when considering all velocities. 
Finally, we observe that in all cases the most likely reason for the RLF problems is the state 2 PDCCH failure. The same conclusion can be done from the numerical results for set3, 30 km/h case in Table B.1.
Conclusion 1: In all simulated calibration cases, the RLF occurred mainly during PDCCH state2 RLF.
3.2
Handover failures in State 2
The state 2 handover failure (HOF) performance is shown in Figure 2, Figure 3 and Figure 4. The State 2 handover failure statistics consist of state 2 RLFs and state 2 PDCCH failures. The PDCCH failures were modelled to occur when the channel quality is poor during the finalization of the handover, as described in [1]. Numerical values for the large scale calibration case, i.e. set3 +30 km/h,are shown in Table B.2 in Appendix B.
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Figure 2: State 2 Macro-Pico handover failure performance
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Figure 3: State 2 Pico-Macro handover failure performance
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Figure 4: State 2 Macro-Macro handover failure performance
We make the following observations from Figure 2, Figure 3 and Figure 4.
· The state 2 PDCCH failures are causing most of the detected handover failures. 
· In the studied HetNet scenario, the outbound handover from pico cell towards macro cell tends to cause more mobility problems than the inbound handover to pico cell. However, since the pico cell parameterization has been the same as for macro cell, this suggests that different parameters should be used for pico-to-macro and macro-to-pico handovers.
· However, majority of the handover attempts and the handover problems occur between macro cells, but the parameterization of the handover triggers also cuts down the problems more aggressively than in the handovers between macro and pico cells.
Based on these, we observe that since the mobility issues are constrained mostly to outbound mobility problems with high velocity, and given that UEs in Hetnet environments would typically NOT be moving very fast, the severity of the problems is not very high. However, the high-velocity outbound mobility from pico cells could still be evaluated in future simulations.

Proposal 1: Conclude in the SI that for low mobility UEs (i.e. speed <60 km/h), no significant mobility problems are seen.

Proposal 2: Conclude in the SI that for high mobility UEs (speed >60 km/h), outbound mobility seems to be the biggest problem case.

The outbound mobility especially for the high velocity cases from pico cells could be further evaluated in the future simulations for HetNet SI if seen useful.

3.3
Handover failures in State 3

The state3 handover failure performance is shown in Figure 5, Figure 6 and Figure 7. The state 3 handover failures occur due to PDCCH failure in state 3 as described in [1].
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Figure 5: State 3 Macro-Pico handover failure performance
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Figure 6: State 3 Pico-Macro handover failure performance
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Figure 7: State 3 Macro-Macro handover failure performance

We make the following observations from Figure 5, Figure 6 and Figure 7.

· The state 3 PDCCH failures cause much less handover failures than state 2 PDCCH failures. 

· In the studied HetNet scenario, the inbound handovers to pico cell from macro cell tends to cause more state 3 mobility problems than outbound handover from pico cells. However, state 2 problems are more severe. 

· Majority of the state 3 handover problems occur for macro-to-pico handovers for UEs moving 120 km/h. For slower speeds, some problems appear, but their relative frequency remains low for most parameter sets. This suggests further studies could be directed towards more efficiently detecting the UE mobility state and utilizing more optimized parameters for each mobility class.
Based on these, we would make a following conclusion:
Conclusion 2: Slow handover parameters results in state 2 handover failures for the high velocity UEs. 
3.4
Short stay statistics
The overall handover rate per UE per second is shown in Figure 8 and the ping pong handover ratio is shown in Figure 9. The numerical values for the short time of stay handovers in set3, 30 km/h case can be found in Appendix B Table B.3.  The ping-pong statistics are collected from the all handovers where the time-of-stay either in pico or macro cell was less than minimum time of stay (MTS) 1 second as defined in [1]. 
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Figure 8: Handovers per UE per second
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Figure 9: Ping-pong handovers per UE per second
We make the following conclusion from Figure 8 and Figure 9.

Conclusion 3: The slow handover configurations (e.g., set 1-2) do cause much less ping-pong handovers than the fast handover configurations (e.g. set 3-5)

The ping-pong statistics indicate that the ping-pong rate is rather high compared with the handover rate for faster handover configurations and it is only slightly higher in the HetNet scenario compared with the macro only scenario. The amount of the ping pong handovers with pico cell involvement is small in simulated HetNet scenario. Moreover, the ping pong rate can be reduced by the parameterization as seen in Figure 9. By adjusting handover parameters faster, the number of ping-pongs increase but the number of handover failures degrease.
3.5
Removal of the PDCCH failure condition 
The HO failure was agreed to be modelled as in 36.839 [1] to have better match for the calibration results. However, the modelling is simplified compared to real network performance e.g. in that no RLC retransmissions occur. To better study the magnitude of the identified potential problems, we replaced the modelling of PDCCH failure with a more realistic model for RRC messages:

· RRC messages are sent over the air: I.e. the messages are put from RRC to RLC buffer, then forwarded to MAC as C-PDUs and sent over L1 with HARQ. If the L1 transmission fails, RLC will retransmit the message. PDCCH decoding is done according to link level tables.
· When eNB receives a measurement report of A3 event, it starts preparing a handover. The handover decision delay (as per 36.839) is utilized for this.
· Upon reception of HO command, the UE will switch to the new eNB. The handover execution delay (as per 36.839) is utilized for this.

· When UE has established connection with target eNB, it will send RRCConnectionReconfigurationComplete – message to the eNB. When this has been received, the normal data communication will continue.

Essentially, this modelling allows us to remove the PDCCH failure because it is already considered in the RRC message transmission process. By utilizing this for handover set 3 we observed a decrease in RLFs and overall HOF results as depicted in Figure 10 and Figure 11. Furthermore, the numerical values for the Set3 + 30 km/h without the PDCCH state 2 RLF modeling is shown in Appendix C.
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Figure 10: Comparison of RLF/UE/second statistics with and without state 2 PDCCH failure model.
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Figure 11: Overall HOF statistics with and without state 2 PDCCH failure model.
We make the following observation from Figure 10 and Figure 11: 

· Including a more realistic RRC message modelling reduces the errors a great deal. RLF rates as well the overall handover failure statistics decreases for all velocity cases if PDCCH failure is replaced by a more realistic model.

· In the 3 km/h and 30 km/h cases, almost all problems disappear.

· For the 60 km/h case, the problems are reduced by > 60-70%. Even for the 120 km/h case, the problems are reduced by >30-50%.

Since, according to the results, only the highest velocity scenario is problematic, we make the following conclusion.

Conclusion 4: Only the highest velocity (i.e. 120 km/h) Hetnet scenario is problematic with a more realistic HO failure modelling.
3.6
Remaining Studies for Hetnet Mobility
Considering the potential items of interest from the simulation results, at least the following questions have been under investigation or would require further studies:

· Investigation of the potential outbound mobility problems identified in calibration simulations: The studies have so far considered only a narrow set of parameter cases. Further studies should be made for investigating e.g. having different parameterisation for outbound an inbound handover triggering. However, in light of the conclusions made in this contribution, this doesn’t seem too important, as only the high mobility cases seem to be problematic.
· The impact of cell identification delay has been studied in R2-115917, with no problems identified. Further work doesn’t seem necessary. 
· As shown by the results e.g. in this document, detection of the UE mobility state could help reducing the impact of mobility problems in Hetnet scenarios. Improvements to the mobility state estimation algorithm has been explored in e,g, [5], [6] previously. As none of the simulations in the calibration exercise used the mobility state estimation, its impact has not been verified with the same metrics as used in the calibration. Further investigations could help show the potential impact.

· The impact of DRX was considered e.g. in [4]. Drawing parallels to the work done in EDDA could also be helpful. Further investigations of DRX and power consumption together with the inter-frequency measurement schemes as done in [7] and [8] could also be useful.
· CRE and eICIC has not been studied in any of the simulations so far. Given that macro-pico scenario is seen as one of the most important use cases for both CRE and eICIC, mobility should be tested with both. We think eICIC is the one item with highest priority for the Hetnet SI, being a part of the Rel’10, and should be investigated during the SI.
Proposal 3: Studying eICIC in the Hetnet scenario should still be done to provide good conclusion for the Hetnet SI.
4
Conclusion
We have analysed the results from the large area system simulation, and observed that apart from 120 km/h UE speed, no significant mobility problems occur with correct parameterization. However, we would note that these calibration simulations do not yet show the extent of mobility performance: Having a single homogeneous parameter set in a Heterogeneous network merely provides a reference point for further studies. Finally, we note that eICIC has so far not been simulated, and conclude that it should be a focus of further studies before the SI conclusion. 
Proposal 1: Conclude in the SI that the for low mobility UEs (i.e. speed <60 km/h), no significant mobility problems are seen.

Proposal 2: Conclude in the SI that for high mobility UEs (speed >60 km/h), outbound mobility seems to be the biggest problem case.

Proposal 3: Studying eICIC in the Hetnet scenario should still be done to provide good conclusion for the Hetnet SI.
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Appendix A: Simulation parameters
	Feature/Parameter
	Notes
	Value/Description

	Bandwidth
	
	10 MHz

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

	
	Inter site distance (ISD)
	0.5 km

	Pico cell layout
	Distance to eNB
	250m in boresight direction

	Macro-pico deployment type
	
	Co-channel

	Hotspot for UE movement/placement
	Diameter (enclosing all pico cells)
	1800 m

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

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

	BS Tx power
	Macro

Pico
	46 dBm

30 dBm

	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
	
	30 km/h

	UE movement
	How do the UEs move in the cell?
	Straight line throughout the call

	UE placement
	Proportion of UEs placed inside the pico hotspot(s) for each cell
	1

	RSRP Measurement
	L1 measurement period

Measurement bandwidth

Measurement error standard deviation
L1 sliding window size
	40 ms
6 RBs

2 dB

5

	Handover preparation time
	Time from reception of UL A3 measurement report to sending HO command
	50 ms

	Radio link failure monitoring
	Qout threshold

Qin threshold
T310

N310
	-8 dB

-6 dB

1000 ms

1

	Cell identification
	
	Ideal

	RRC signalling
	How are UL reports and HO commands modelled?
	RRC messages Sent Over Air

	Transmit mode
	UE receiver assumption
	1x2 MRC

	Number of calls/simulation
	
	More than 1000 calls, maximum call length 100 seconds.

	DL Interference load
	Macro, Pico
	100% RBs loaded


Appendix B: Set 3, 30 km/h System Simulation Results
Following Tables B.1, B.2 and B.3 show the numerical values for RLF results, handover results and time of stay results for set 3, 30 km/h HetNet large area simulation with the minor modifications as proposed in Section 3.5.
Table B.1: Average number of RLFs

	Average number of RLFs/UE/second (Set 3, 30 km/h)

	Scenario
	State 1
	State 2_Normal
	State 2_HOF
	Overall

	Macro
	0.000000 
	0.000000 
	0.001361 
	0.001361 

	HetNet
	0.000000
	0.000000
	0.001598
	0.001598


Table B.2: Handover performance results

	Handover performance in HetNets (Set 3, 30 km/h)

	Scenario
	Handover state
	Handover metrics
	macro-pico
	pico-macro
	macro-macro
	pico-pico
	Overall
	Macro only

	HetNet
	2
	HOFs/UE/s
	0.000025
	0.000275
	0.001298
	0
	0.001598
	0.001361

	
	
	HO failure rate [%]
	0.274
	2.961
	1.049
	0.000
	1.124
	1.049

	
	3
	HOFs/UE/s
	0.000000
	0.000000
	0.000012
	0
	0.000012
	0.000050

	
	
	HO failure rate [%]
	0.000
	0.000
	0.010
	0.000
	0.009
	0.039

	
	Total
	Successful HOs/UE/s
	0.009101
	0.009001
	0.122489
	0
	0.140591
	0.128280

	
	
	HOFs/UE/s
	0.000025
	0.000275
	0.001311
	0
	0.001610
	0.001411

	
	
	HO failure rate [%]
	0.274
	2.961
	1.059
	0.000
	1.132
	1.088


Table B.3: Short time of stay statistics

	Time of Stay Statistics (Set 3, 30 km/h) 

	Scenario
	ToS metrics
	Overall
	Macro only

	HetNet
	Short ToS/UE/s
	0.0278
	0.0264

	
	Short ToS rate [%]
	19.8%
	20.6%


Appendix C: Set 3, 30 km/h System Simulation Results with PDCCH state 2 RLF modeling
Following Tables C.1, C.2 and C.3 show the numerical values for RLF results, handover results and time of stay results for set 3, 30 km/h HetNet large area simulation.

Table C.1: Average number of RLFs

	Average number of RLFs/UE/second (Set 3, 30 km/h)

	Scenario
	State 1
	State 2_Normal
	State 2_HOF
	Overall

	Macro
	0.000000 
	0.000093 
	0.000000 
	0.000093 

	HetNet
	0.000000
	0.000075
	0.000000
	0.000075


Table C.2: Handover performance results

	Handover performance in HetNets (Set 3, 30 km/h)
	legacy macro only system

	Scenario
	Handover state
	Handover metrics
	macro-pico
	pico-macro
	macro-macro
	pico-pico
	Overall
	macro-macro

	HetNet
	2
	HOFs/UE/s
	0.00E+00
	1.87E-05
	5.60E-05
	0.00E+00
	7.47E-05
	9.34E-05

	
	
	HO failure rate [%]
	0.000
	0.215
	0.055
	0.000
	0.063
	0.09

	
	3
	HOFs/UE/s
	0.000000
	0.000000
	0.000000
	0
	0.000000
	1.87E-05

	
	
	HO failure rate [%]
	0.000
	0.000
	0.000
	0.000
	0.000
	0.017605634

	
	Total
	Successful HOs/UE/s
	0.008518
	0.008686
	0.101579
	0
	0.118783
	0.105969

	
	
	HOFs/UE/s
	0.00E+00
	1.87E-05
	5.60E-05
	0.00E+00
	7.47E-05
	1.12E-04

	
	
	HO failure rate [%]
	0.000
	0.215
	0.055
	0.000
	0.063
	0.106


Table B.3: Short time of stay statistics

	Time of Stay Statistics (Set 3, 30 km/h) 
	legacy macro only system

	Scenario
	ToS metrics
	Overall
	Macro

	HetNet
	Short ToS/UE/s
	0.01
	0.01

	
	Short ToS rate [%]
	11.4%
	11.1%



