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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
During RAN2#81b and #82, multiple contributions showed the mobility performance of Scenario #2 [1]-[4]. In this contribution, we investigate the mobility performance of Scenario #2 for different small cell deployment scenarios, i.e., clustered small cells and randomly placed small cells. We also compare the performance of Scenario #2 and Scenario #1.
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. For both small cell deployment scenarios, we assume 10 small cells per macro cell.
· In case of clustered small cells, we use the small cell cluster model agreed in RAN1#72 [5]. We assume one small cell cluster per macro cell as shown in Figure 1. 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 randomly placed small cells, 10 small cells are randomly placed in a macro cell. The minimum distance between two small cells is 20m. The minimum distance between a small cell and a macro cell is 75m [7].  

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.



[bookmark: _Ref352236711]Figure 1 small cell cluster deployment
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[bookmark: _Ref352245378]Table 1 Simulation assumptions 
	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
	Cluster deployment: 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.
Random placement: 10 small cells are randomly placed in one macro cell. The minimum distance between two small cells is 20m. The minimum distance between a small cell and a macro cell is 75m.

	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

	UE receiver
	1x2 MRC

	Fast fading
	On

	Cell loading 
	100%



[bookmark: _Hlk284783292]Simulation Results
Figure 2 and Figure 3 show the RLF and HO performance of clustered small cells and randomly placed small cells. For comparison we show the performance of both Scenario #1 (intra-frequency small cell) and Scenario #2 (inter-frequency small cell). The complete set of the results are shown in Appendix. Here are the observations:
· We observe that the macro only deployment has a better HOF/RLF performance than the intra-frequency and inter-frequency small cell deployments. 
· For the same small cell placement (i.e. clustered or random placement), inter-frequency small cells give a better mobility performance than intra-frequency small cells. This is due to the less interference if the small and macro cells are deployed on different carriers. Although in case of inter-frequency small cells 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. 
· For inter-frequency small cells, we observe that the randomly placed small cells give a worse HOF/RLF performance than the clustered small cells. In case of randomly placed small cells, as small cells are separated far apart, there are more macro-to-pico and pico-to-macro handovers which are inter-frequency handovers. The long measurement period of inter-frequency measurements could delay the handovers and degrade the performance. 
· We observe that in some scenarios the mobility performance of inter-frequency small cells could be comparable to or even worse than that of intra-frequency small cells. For example, for UEs at 30km/h, the HOF/RLF performance of randomly placed inter-frequency small cells is similar to or even worse than that of clustered intra-frequency small cells.   
· For intra-frequency small cells, we also observe that the randomly placed small cell deployment has a worse HOF/RLF performance than the clustered small cell deployment. In case of randomly placed small cells, as small cells are separated far apart, there are more pico-to-macro and macro-to-pico handovers. As we know from Rel-11 HetNet mobility SI high HOF rates could occur to pico-to-macro HOs [6] due to quickly attenuated signal strength from the pico cell.


 
[bookmark: _Ref319330139]Figure 2 RLF performance

              
[bookmark: _Ref319331374]Figure 3 HO performance 

Figure 4 shows the HOF rates of different HO types for inter-frequency small cells with UE speed of 30km/h. Here are the observations.
· For both clustered and randomly placed small cells, due to the quickly attenuated signal strength from the pico, pico-to-pico handover shows the worst performance and pico-to-macro handover shows the second worst performance. 
· The clustered small cells give a much lower pico-to-pico HOF rate than the randomly placed small cells. In the clustered small cell deployment, as the coverage areas of small cells could be heavily overlapped, the intra-frequency pico-to-pico handover could be triggered early based on RSRP when the UE is not far from the serving small cell eNB. The strong signal strength from the serving small cell leads to a low HOF rate. Although the interference in the small cell layer could be strong in the clustered environment, MRC receiver at the UE could suppress the interference to certain extent and provide a sufficient post-procesing SINR to decode HO command successfully.
· We also observe that the clustered small cells give a much lower pico-to-macro HOF rate than the randomly placed small cells. In the clustered small cell deployment, the strong interference in the small cell layer could lead to a low RSRQ and could trigger the inter-frequency pico-to-macro handover early based on RSRQ when the UE is not far from the serving small cell eNB. The strong signal strength from the serving small cell leads to a low HOF rate.

[bookmark: _Ref363144101]Figure 4 HOF rates of different HO types for inter-frequency small cells (UE speed 30km/h)
Conclusion  
In this paper, we discussed the mobility performance of Scenario #1 and Scenario #2 for both clustered small cells and randomly placed small cells. For the cases we simulated, 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: For the same small cell placement (i.e., clustered or randomly placed small cells), the inter-frequency small cell deployment has a better HOF/RLF performance than the intra-frequency deployment.
Observation 3:  The clustered small cells give a better HOF/RLF performance than the randomly placed small cells for both inter-frequency and intra-frequency small cell deployments.
Observation 4: Depending on the small cell placement, in some scenarios the mobility performance of inter-frequency small cells could be comparable to or even worse than that of intra-frequency small cells.
Observation 5: For inter-frequency small cell deployment, pico-to-pico and pico-to-macro handovers show high HOF rates.
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Appendix
Table 2 Handover performance
	
	
	
	
	Handover performance in HetNets
	macro only system

	 
	 
	Handover state
	Handover metrics
	macro-pico
	[bookmark: _GoBack]pico-macro
	macro-macro
	pico-pico
	Overall
	macro-macro

	3km/h, interfreq, cluster
	 
	2
	HOFs/UE/s
	0.000000
	0.000040
	0.000250
	0.000250
	0.000540
	0.000280

	
	 
	
	HO failure rate [%]
	0.000000
	0.500835
	5.654762
	2.831595
	1.812555
	2.169625

	
	 
	3
	HOFs/UE/s
	0.000013
	0.000000
	0.000000
	0.000000
	0.000013
	0.000000

	
	 
	
	HO failure rate [%]
	0.152439
	0.000000
	0.000000
	0.000000
	0.044209
	0.000000

	
	 
	Overall
	Successful HOs/UE/s
	0.008633
	0.007856
	0.004178
	0.008594
	0.029261
	0.012638

	
	 
	
	HOFs/UE/s
	0.000013
	0.000040
	0.000250
	0.000250
	0.000554
	0.000280

	
	 
	
	HO failure rate [%]
	0.152439
	0.500835
	5.654762
	2.831595
	1.856764
	2.169625

	30km/h, interfreq, cluster
	 
	2
	HOFs/UE/s
	0.000079
	0.001736
	0.001525
	0.007390
	0.010730
	0.003478

	
	 
	
	HO failure rate [%]
	0.222222
	5.607477
	4.461538
	12.096427
	6.634146
	4.567117

	
	 
	3
	HOFs/UE/s
	0.000131
	0.000053
	0.000000
	0.000105
	0.000289
	0.000015

	
	 
	
	HO failure rate [%]
	0.370370
	0.169924
	0.000000
	0.172191
	0.178862
	0.019857

	
	 
	Total
	Successful HOs/UE/s
	0.035292
	0.029165
	0.032662
	0.053596
	0.150715
	0.072656

	
	 
	
	HOFs/UE/s
	0.000210
	0.001788
	0.001525
	0.007495
	0.011019
	0.003493

	
	 
	
	HO failure rate [%]
	0.592593
	5.777400
	4.461538
	12.268618
	6.813008
	4.586974

	60km/h, interfreq, cluster
	 
	2
	HOFs/UE/s
	0.000235
	0.003994
	0.003211
	0.033049
	0.040488
	0.008287

	
	 
	
	HO failure rate [%]
	0.423729
	11.383929
	5.000000
	34.197731
	16.105919
	6.467877

	
	 
	3
	HOFs/UE/s
	0.000940
	0.000078
	0.000000
	0.000078
	0.001096
	0.000018

	
	 
	
	HO failure rate [%]
	1.694915
	0.223214
	0.000000
	0.081037
	0.436137
	0.014405

	
	 
	Total
	Successful HOs/UE/s
	0.054272
	0.031012
	0.061007
	0.063513
	0.209804
	0.119826

	
	 
	
	HOFs/UE/s
	0.001175
	0.004072
	0.003211
	0.033127
	0.041585
	0.008306

	
	 
	
	HO failure rate [%]
	2.118644
	11.607143
	5.000000
	34.278768
	16.542056
	6.482282

	3km/h, interfreq, random
	 
	2
	HOFs/UE/s
	0.000000
	0.000373
	0.000172
	0.000918
	0.001463
	0.000280

	
	 
	
	HO failure rate [%]
	0.000000
	3.389831
	5.555556
	16.842105
	4.661792
	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
	0.011831
	0.010626
	0.002925
	0.004531
	0.029913
	0.012638

	
	 
	
	HOFs/UE/s
	0.000000
	0.000373
	0.000172
	0.000918
	0.001463
	0.000280

	
	 
	
	HO failure rate [%]
	0.000000
	3.389831
	5.555556
	16.842105
	4.661792
	2.169625

	30km/h, interfreq, random
	 
	2
	HOFs/UE/s
	0.000000
	0.006215
	0.001442
	0.012927
	0.020583
	0.003478

	
	 
	
	HO failure rate [%]
	0.000000
	12.315271
	5.942623
	25.490196
	11.330049
	4.567117

	
	 
	3
	HOFs/UE/s
	0.000149
	0.000099
	0.000000
	0.000149
	0.000398
	0.000015

	
	 
	
	HO failure rate [%]
	0.265252
	0.197044
	0.000000
	0.294118
	0.218938
	0.019857

	
	 
	Total
	Successful HOs/UE/s
	0.056082
	0.044149
	0.022820
	0.037636
	0.160688
	0.072656

	
	 
	
	HOFs/UE/s
	0.000149
	0.006314
	0.001442
	0.013076
	0.020981
	0.003493

	
	 
	
	HO failure rate [%]
	0.265252
	12.512315
	5.942623
	25.784314
	11.548987
	4.586974

	60km/h, interfreq, random
	 
	2
	HOFs/UE/s
	0.000246
	0.012900
	0.004054
	0.036488
	0.053688
	0.008287

	
	 
	
	HO failure rate [%]
	0.275862
	18.197574
	9.322034
	35.273159
	17.493995
	6.467877

	
	 
	3
	HOFs/UE/s
	0.002089
	0.000000
	0.000000
	0.000369
	0.002457
	0.000018

	
	 
	
	HO failure rate [%]
	2.344828
	0.000000
	0.000000
	0.356295
	0.800641
	0.014405

	
	 
	Total
	Successful HOs/UE/s
	0.086736
	0.057988
	0.039437
	0.066588
	0.250749
	0.119826

	
	 
	
	HOFs/UE/s
	0.002334
	0.012900
	0.004054
	0.036857
	0.056145
	0.008306

	
	 
	
	HO failure rate [%]
	2.620690
	18.197574
	9.322034
	35.629454
	18.294636
	6.482282

	3km/h, intrafreq, cluster
	 
	2
	HOFs/UE/s
	0.000278
	0.000404
	0.000292
	0.000390
	0.001364
	0.000280

	
	 
	
	HO failure rate [%]
	4.166667
	6.041667
	6.402439
	3.971631
	4.917210
	2.169625

	
	 
	3
	HOFs/UE/s
	0.000000
	0.000000
	0.000000
	0.000014
	0.000014
	0.000000

	
	 
	
	HO failure rate [%]
	0.000000
	0.000000
	0.000000
	0.141844
	0.050176
	0.000000

	
	 
	Overall
	Successful HOs/UE/s
	0.006401
	0.006276
	0.004272
	0.009407
	0.026357
	0.012638

	
	 
	
	HOFs/UE/s
	0.000278
	0.000404
	0.000292
	0.000404
	0.001378
	0.000280

	
	 
	
	HO failure rate [%]
	4.166667
	6.041667
	6.402439
	4.113475
	4.967386
	2.169625

	30km/h, intrafreq, cluster 
	 
	2
	HOFs/UE/s
	0.003308
	0.005867
	0.004279
	0.008646
	0.022100
	0.003478

	
	 
	
	HO failure rate [%]
	9.047045
	18.370166
	13.125846
	15.288612
	14.017907
	4.567117

	
	 
	3
	HOFs/UE/s
	0.000044
	0.000044
	0.000000
	0.000088
	0.000176
	0.000015

	
	 
	
	HO failure rate [%]
	0.120627
	0.138122
	0.000000
	0.156006
	0.111919
	0.019857

	
	 
	Total
	Successful HOs/UE/s
	0.033217
	0.026027
	0.028320
	0.047818
	0.135382
	0.072656

	
	 
	
	HOFs/UE/s
	0.003353
	0.005911
	0.004279
	0.008734
	0.022277
	0.003493

	
	 
	
	HO failure rate [%]
	9.167672
	18.508287
	13.125846
	15.444618
	14.129827
	4.586974

	60km/h, intrafreq, cluster
	 
	2
	HOFs/UE/s
	0.013005
	0.015150
	0.009519
	0.032580
	0.070255
	0.008287

	
	 
	
	HO failure rate [%]
	19.556452
	32.753623
	17.108434
	37.732919
	27.578947
	6.467877

	
	 
	3
	HOFs/UE/s
	0.000268
	0.000000
	0.000134
	0.000402
	0.000804
	0.000018

	
	 
	
	HO failure rate [%]
	0.403226
	0.000000
	0.240964
	0.465839
	0.315789
	0.014405

	
	 
	Total
	Successful HOs/UE/s
	0.053228
	0.031105
	0.045988
	0.053362
	0.183683
	0.119826

	
	 
	
	HOFs/UE/s
	0.013273
	0.015150
	0.009653
	0.032982
	0.071060
	0.008306

	
	 
	
	HO failure rate [%]
	19.959677
	32.753623
	17.349398
	38.198758
	27.894737
	6.482282

	3km/h, intrafreq, random
	 
	2
	HOFs/UE/s
	0.000345
	0.000960
	0.000165
	0.000495
	0.001965
	0.000280

	
	 
	
	HO failure rate [%]
	3.225806
	9.129815
	4.564315
	8.461538
	6.405868
	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
	0.010350
	0.009555
	0.003450
	0.005355
	0.028711
	0.012638

	
	 
	
	HOFs/UE/s
	0.000345
	0.000960
	0.000165
	0.000495
	0.001965
	0.000280

	
	 
	
	HO failure rate [%]
	3.225806
	9.129815
	4.564315
	8.461538
	6.405868
	2.169625

	30km/h, intrafreq, random
	 
	2
	HOFs/UE/s
	0.005120
	0.013481
	0.002268
	0.008749
	0.029618
	0.003478

	
	 
	
	HO failure rate [%]
	7.868526
	21.780105
	9.020619
	24.953789
	15.824100
	4.567117

	
	 
	3
	HOFs/UE/s
	0.000000
	0.000130
	0.000000
	0.000000
	0.000130
	0.000015

	
	 
	
	HO failure rate [%]
	0.000000
	0.209424
	0.000000
	0.000000
	0.069252
	0.019857

	
	 
	Total
	Successful HOs/UE/s
	0.059950
	0.048284
	0.022878
	0.026313
	0.157424
	0.072656

	
	 
	
	HOFs/UE/s
	0.005120
	0.013610
	0.002268
	0.008749
	0.029748
	0.003493

	
	 
	
	HO failure rate [%]
	7.868526
	21.989529
	9.020619
	24.953789
	15.893352
	4.586974

	60km/h, intrafreq, random
	 
	2
	HOFs/UE/s
	0.019509
	0.034181
	0.007023
	0.021538
	0.082252
	0.008287

	
	 
	
	HO failure rate [%]
	17.755682
	34.706815
	14.106583
	41.566265
	26.535750
	6.467877

	
	 
	3
	HOFs/UE/s
	0.000312
	0.000000
	0.000156
	0.000312
	0.000780
	0.000018

	
	 
	
	HO failure rate [%]
	0.284091
	0.000000
	0.313480
	0.602410
	0.251762
	0.014405

	
	 
	Total
	Successful HOs/UE/s
	0.090056
	0.064303
	0.042609
	0.029967
	0.226934
	0.119826

	
	 
	
	HOFs/UE/s
	0.019822
	0.034181
	0.007179
	0.021851
	0.083032
	0.008306

	
	 
	
	HO failure rate [%]
	18.039773
	34.706815
	14.420063
	42.168675
	26.787513
	6.482282



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

	 
	State 1
	State 2_Normal
	State 2_HOF
	Overall

	3km/h, interfreq, cluster
	0.000000
	0.000000
	0.000474
	0.000474

	30km/h, interfreq, cluster
	0.000000
	0.000000
	0.008231
	0.008231

	60km/h, interfreq, cluster
	0.000000
	0.000000
	0.030229
	0.030229

	3km/h, interfreq, random
	0.000000
	0.000000
	0.001405
	0.001405

	30km/h, interfreq, random
	0.000000
	0.000000
	0.018992
	0.018992

	60km/h, interfreq, random
	0.000000
	0.000000
	0.046685
	0.046685

	3km/h, intrafreq, cluster
	0.000000
	0.000000
	0.001002
	0.001002

	30km/h, intrafreq, cluster
	0.000000
	0.000000
	0.016807
	0.016807

	60km/h, intrafreq, cluster
	0.000000
	0.000000
	0.052826
	0.052826

	3km/h, intrafreq, random
	0.000000
	0.000000
	0.001800
	0.001800

	30km/h, intrafreq, random
	0.000000
	0.000000
	0.025665
	0.025665

	60km/h, intrafreq, random
	0.000000
	0.000000
	0.061650
	0.061650

	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



RLFs/UE/second
macro only	3km/h	30km/h	60km/h	2.2932252901471407E-4	2.0110875946589999E-3	4.1344668909490002E-3	inter-freq, cluster	3km/h	30km/h	60km/h	4.7449697389554801E-4	8.2313552571399995E-3	3.0229319934279002E-2	inter-freq, random	3km/h	30km/h	60km/h	1.4053249770989997E-3	1.8992171943789004E-2	4.6685283447241009E-2	intra-freq, cluster	3km/h	30km/h	60km/h	1.0019394486239998E-3	1.6806952520139001E-2	5.2825564355347007E-2	intra-freq, random	3km/h	30km/h	60km/h	1.8000444610980005E-3	2.5664922402496002E-2	6.1649875529681979E-2	
RLFs/UE/s

HOFs/UE/second
macro only	3km/h	30km/h	60km/h	2.8028309101798399E-4	3.4929416117760004E-3	8.3058486648530019E-3	inter-freq, cluster	3km/h	30km/h	60km/h	5.5357980287814017E-4	1.1018970775533E-2	4.1584893484719984E-2	inter-freq, random	3km/h	30km/h	60km/h	1.4626851802460004E-3	2.0980881047850997E-2	5.6145196145760995E-2	intra-freq, cluster	3km/h	30km/h	60km/h	1.3776667418590001E-3	2.2276931818031004E-2	7.1059769310491988E-2	intra-freq, random	3km/h	30km/h	60km/h	1.9650485366990004E-3	2.9747978239257001E-2	8.303223742225499E-2	
HOFs/UE/s

HOF rate
inter-freq, cluster	macro-pico	pico-macro	macro-macro	pico-pico	0.592592592592593	5.7774001699235304	4.461538461538459	12.268618166164398	inter-freq, random	macro-pico	pico-macro	macro-macro	pico-pico	0.26525198938992006	12.5123152709359	5.9426229508196711	25.7843137254902	HOF rate (%)
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