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Introduction 
During RAN2#81, three deployment scenarios were identified for small cell enhancements:
Scenario #1: Macro and small cells on the same carrier frequency (intra frequency) connected via non-ideal backhaul
Scenario #2: Macro and small cells on different carrier frequencies (inter frequency) connected via non-ideal backhaul
Scenario #3: Only small cells on one or more carrier frequencies connected via non-ideal backhaul typically low and medium UE mobility
The mobility performance for Scenario #2 (small cells and macro cells on different carriers) was not studied in the Rel-11 HetNet mobility SI. It is unclear whether the handover failure would increase in this case and if it increases by how much. In addition, the mobility performance of Scenario #1 (small cells and macro cells on the same carrier) for the small cell cluster deployment was not studied in the Rel-11 HetNet mobility SI. In this contribution, we will show the mobility performance for Scenario #1 and #2 assuming that small cells are deployed in a cluster.
Simulation Assumptions 
Mobility performance has been evaluated using the large area HetNet simulations. There are 57 macro cells in the system with an ISD of 500m. Small cells are placed in the macro area in a cluster. We use the small cell cluster model agreed in RAN1#72 [1]. As shown in Figure 1, in the simulation we assume one small cell cluster per macro cell. In each cluster, 10 small cells are randomly dropped within a radius of 50m. The minimum distance between two small cells is 20m. The small cell cluster is placed at the boresight 1/2 ISD (i.e., the small cell cluster is deployed at the macro cell boundary).  
In case of Scenario #2, we assume that the macro cell and the small cell are on 2GHz and 3.5GHz, respectively. The pathloss in the small cell at 3.5GHz is derived based on the ITU UMi (Urban Micro) NLOS pathloss model:
,  in m,  in GHz
For Scenario #2 of inter-frequency small cells, the A3 event is configured for both intra-frequency and inter-frequency. For intra-frequency cells the A3 event is triggered based on RSRP and for inter-frequency cells the trigger is based on RSRQ. 
The remaining simulation assumptions follow from TR36.839 and TR36.814. Table 1 summarizes our simulation assumptions.
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	Items
	Descriptions

	Macro cell ISD
	500m

	Carrier frequency
	Scenario 1 of intra-freq small cells: 2GHz for both macro and small cells
Scenario 2 of inter-freq small cells: 2GHz for macro cell, 3.5GHz for small cell

	Small cell placement
	One small cell cluster per macro cell. In each cluster, 10 small cells are randomly dropped within a radius of 50m. The cluster center is at boresight 1/2 ISD. The minimum distance between two small cells is 20m.

	Target cell selection
	Based on RSRP for intra-frequency cells; based on RSRQ for inter-frequency cells

	Intra-freq RSRP measurement
	measurement period 200ms; L3 filter K=1

	Inter-freq RSRQ measurement
	measurement period 480ms; L3 filter K=1;

	A3 offset
	2dB for both intra-frequency A3 event (RSRP based) and inter-frequency A3 event (RSRQ based)

	TTT
	160ms

	UE speed
	3km/h, 30km/h, and 60km/h

	Pathloss 
	Macro cell: ,  in m
Small cell at 2GHz: ,  in m
Small cell at 3.5GHz:  ,  in m

	Fast fading
	On

	Cell loading 
	100%
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Figure 2 to Figure 4 show the HOF and RLF performance of intra-frequency and inter-frequency small cell clusters (the complete set of the results are shown in Appendix). Here are the observations:
· Figure 2 and Figure 3 show the number of HOFs and the number of RLFs per UE per second, respectively. We observe that the macro only deployment has a better HOF/RLF performance than the intra-frequency and inter-frequency small cell deployments. 
· Figure 2 and Figure 3 also show that the inter-frequency small cell deployment has a better HOF/RLF performance than the intra-frequency deployment due to the less interference as the small and macro cells are deployed on separate carriers. Although in inter-frequency small cell case the long measurement period for inter-frequency cells may delay the handover and degrade the mobility performance, it seems that the gain from the reduced interference is more than the degradation from the long measurement period. 
· Figure 4 shows the HOF rates of different HO types in small cell deployments with UE speed of 30km/h. Due to reduced interference, the HOF rates in inter-frequency small cell deployment are much improved compared to the case of intra-frequency small cell. However we observe a moderate improvement for pico-to-pico case. This could be due to the fact that the small cell cluster is deployed at the macro boundary. The amount of macro interference reduced by the inter-frequency deployment is limited and hence a moderate gain is observed.
· We also note that in inter-frequency small cell deployment due to the long measurement period of inter-frequency cells, the system tends to perform more intra-frequency HOs (macro-to-macro and pico-to-pico).
· If dual connectivity is used to anchor the UE’s control plane on the macro cell (i.e., the HO related signals are sent from/to the macro cell), the HOF/RLF performance of the small cell deployment (inter or intra-frequency small cells) can be improved and can be as good as that of the macro only deployment.
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[bookmark: _Ref319332354]Figure 4 HOF rates of different HO types (UE speed 30km/h)

Conclusion  
In this paper, we discussed the mobility performance of HetNets with inter-frequency and intra-frequency small cell clusters. We have the following observations:
Observation 1: The macro only deployment has a better HOF/RLF performance than the intra-frequency and inter-frequency small cell deployments.
Observation 2: The inter-frequency small cell deployment has a better HOF/RLF performance than the intra-frequency deployment.
Observation 3: If dual connectivity is used to anchor the UE’s control plane on the macro cell (i.e., the HO related signals are sent from/to the macro cell), the HOF/RLF performance of the small cell deployment can be as good as that of the macro only deployment.
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	Handover performance in HetNets
	macro only system

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

	3km/h, inter-freq
	2
	HOFs/UE/s
	0.000000
	0.000040
	0.000241
	0.000415
	0.000696
	0.000280

	
	
	HO failure rate [%]
	0.000000
	0.551471
	4.838710
	4.696970
	2.386416
	2.169625

	
	3
	HOFs/UE/s
	0.000000
	0.000000
	0.000000
	0.000000
	0.000000
	0.000000

	
	
	HO failure rate [%]
	0.000000
	0.000000
	0.000000
	0.000000
	0.000000
	0.000000

	
	Overall
	Successful HOs/UE/s
	0.008072
	0.007242
	0.004739
	0.008420
	0.028474
	0.012638

	
	
	HOFs/UE/s
	0.000000
	0.000040
	0.000241
	0.000415
	0.000696
	0.000280

	
	
	HO failure rate [%]
	0.000000
	0.551471
	4.838710
	4.696970
	2.386416
	2.169625

	30km/h, inter-freq
	2
	HOFs/UE/s
	0.000051
	0.001361
	0.001618
	0.007653
	0.010683
	0.003478

	
	
	HO failure rate [%]
	0.156986
	4.809437
	4.571843
	12.979094
	6.876033
	4.567117

	
	3
	HOFs/UE/s
	0.000103
	0.000000
	0.000000
	0.000077
	0.000180
	0.000015

	
	
	HO failure rate [%]
	0.313972
	0.000000
	0.000000
	0.130662
	0.115702
	0.019857

	
	Total
	Successful HOs/UE/s
	0.032564
	0.026939
	0.033771
	0.051234
	0.144507
	0.072656

	
	
	HOFs/UE/s
	0.000154
	0.001361
	0.001618
	0.007730
	0.010863
	0.003493

	
	
	HO failure rate [%]
	0.470958
	4.809437
	4.571843
	13.109756
	6.991736
	4.586974

	60km/h, inter-freq
	2
	HOFs/UE/s
	0.000229
	0.003508
	0.003661
	0.032259
	0.039657
	0.008287

	
	
	HO failure rate [%]
	0.455927
	11.500000
	5.568445
	37.040280
	16.982364
	6.467877

	
	3
	HOFs/UE/s
	0.001144
	0.000000
	0.000000
	0.000229
	0.001373
	0.000018

	
	
	HO failure rate [%]
	2.279635
	0.000000
	0.000000
	0.262697
	0.587851
	0.014405

	
	Total
	Successful HOs/UE/s
	0.048809
	0.026997
	0.062078
	0.054605
	0.192489
	0.119826

	
	
	HOFs/UE/s
	0.001373
	0.003508
	0.003661
	0.032488
	0.041030
	0.008306

	
	
	HO failure rate [%]
	2.735562
	11.500000
	5.568445
	37.302977
	17.570216
	6.482282

	3km/h, intra-freq
	2
	HOFs/UE/s
	0.000237
	0.000306
	0.000320
	0.000557
	0.001420
	0.000280

	
	
	HO failure rate [%]
	4.314721
	5.699482
	5.943152
	5.291005
	5.304212
	2.169625

	
	3
	HOFs/UE/s
	0.000000
	0.000000
	0.000000
	0.000000
	0.000000
	0.000000

	
	
	HO failure rate [%]
	0.000000
	0.000000
	0.000000
	0.000000
	0.000000
	0.000000

	
	Overall
	Successful HOs/UE/s
	0.005247
	0.005066
	0.005066
	0.009965
	0.025345
	0.012638

	
	
	HOFs/UE/s
	0.000237
	0.000306
	0.000320
	0.000557
	0.001420
	0.000280

	
	
	HO failure rate [%]
	4.314721
	5.699482
	5.943152
	5.291005
	5.304212
	2.169625

	30km/h, intra-freq
	2
	HOFs/UE/s
	0.003732
	0.005851
	0.003271
	0.009583
	0.022437
	0.003478

	
	
	HO failure rate [%]
	11.654676
	21.746575
	9.428951
	18.309859
	15.372475
	4.567117

	
	3
	HOFs/UE/s
	0.000092
	0.000000
	0.000046
	0.000092
	0.000230
	0.000015

	
	
	HO failure rate [%]
	0.287770
	0.000000
	0.132802
	0.176056
	0.157828
	0.019857

	
	Total
	Successful HOs/UE/s
	0.028196
	0.021055
	0.031375
	0.042663
	0.123288
	0.072656

	
	
	HOFs/UE/s
	0.003824
	0.005851
	0.003317
	0.009675
	0.022667
	0.003493

	
	
	HO failure rate [%]
	11.942446
	21.746575
	9.561753
	18.485915
	15.530303
	4.586974

	60km/h, intra-freq
	2
	HOFs/UE/s
	0.013165
	0.013165
	0.008776
	0.027792
	0.062898
	0.008287

	
	
	HO failure rate [%]
	23.126338
	35.409836
	13.333333
	39.790576
	27.374005
	6.467877

	
	3
	HOFs/UE/s
	0.000244
	0.000122
	0.000000
	0.000122
	0.000488
	0.000018

	
	
	HO failure rate [%]
	0.428266
	0.327869
	0.000000
	0.174520
	0.212202
	0.014405

	
	Total
	Successful HOs/UE/s
	0.043516
	0.023891
	0.057047
	0.041932
	0.166386
	0.119826

	
	
	HOFs/UE/s
	0.013408
	0.013287
	0.008776
	0.027914
	0.063385
	0.008306

	
	
	HO failure rate [%]
	23.554604
	35.737705
	13.333333
	39.965096
	27.586207
	6.482282



Table 3 RLF performance
	
	Average number of RLFs/UE/second 

	 
	State 1
	State 2_Normal
	State 2_HOF
	Overall

	3km/h, inter-freq
	0.000000
	0.000000
	0.000616
	0.000616

	30km/h, inter-freq
	0.000000
	0.000000
	0.008141
	0.008141

	60km/h, inter-freq
	0.000000
	0.000000
	0.028904
	0.028904

	3km/h, intra-freq
	0.000000
	0.000000
	0.001016
	0.001016

	30km/h, intra-freq
	0.000000
	0.000000
	0.017461
	0.017461

	60km/h, intra-freq
	0.000000
	0.000000
	0.048027
	0.048027

	3km/h, macro only
	0.000000
	0.000000
	0.000229
	0.000229

	30km/h, macro only
	0.000000
	0.000000
	0.002011
	0.002011

	60km/h, macro only
	0.000000
	0.000000
	0.004134
	0.004134



HOFs/UE/second
macro only	3km/h	30km/h	60km/h	2.8028309101798399E-4	3.4929416117760004E-3	8.3058486648530019E-3	interfreq	3km/h	30km/h	60km/h	6.9612861458089514E-4	1.0863089123557003E-2	4.1029708406895994E-2	intrafreq	3km/h	30km/h	60km/h	1.419653262217E-3	2.2667337472426014E-2	6.3385260489042E-2	HOFs/UE/s
RLFs/UE/second
macro only	3km/h	30km/h	60km/h	2.2932252901471407E-4	2.0110875946589999E-3	4.1344668909490002E-3	interfreq	3km/h	30km/h	60km/h	6.1580608212925413E-4	8.1408965772280031E-3	2.8903828041288996E-2	intrafreq	1.0160263543320001E-3	1.7461221345629004E-2	4.8026524293619997E-2	RLFs/UE/s
HOF rate
interfreq	macro-pico	pico-macro	macro-macro	pico-pico	0.47095761381475704	4.8094373865698703	4.5718432510885307	13.109756097560904	intrafreq	11.942446043165402	21.746575342465697	9.5617529880478003	18.485915492957702	HOF rate (%)
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