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[bookmark: _Ref165266342]Introduction
In order to coexist with WiFi devices, the gNB in NR unlicensed needs to sense channels based on LBT process, leading to discontinuous transmission on a carrier with limited maximum transmission duration. This means that therer is high probability the physical layer in the UE indicates out-of-sync to higher layers when RLM-RS(s) can not be transmitted by the gNB due to LBT failure. As a result, the UE would probably declare RLF. In this contribution, we will focus on the evalution of RLM for NR unlicensed. Based on the system-level simulation results, we attempt to give some quantitative analysis on the relationship between LBT failure probability and the probability of declaring RLF of cell center users and cell edge users.
Discussion 
RLM and RLF
In NR, the UE shall estimate the downlink radio link quality and compare it to the thresholds Qout and Qin for the purpose of monitoring downlink radio link quality of the cell. The configured RLM-RS resources can be all SSBs, or all CSI-RSs, or a mix of SSBs and CSI-RSs. UE is not required to perform RLM outside the active DL BWP. 
The threshold Qout is defined as the level at which the downlink radio link cannot be reliably received and shall correspond to the out-of-sync block error rate. If SSB is configured as RLM-RS, Qout shall correspond to 10% block error rate of a hypothetical PDCCH. The threshold Qin is defined as the level at which the downlink radio link quality can be significantly more reliably received than at Qout and shall correspond to the in-sync block error rate. If SSB is configured as RLM-RS, Qin shall correspond to 2% block error rate of a hypothetical PDCCH. 
The physical layer in the UE shall in frames where the radio link quality is assessed indicate out-of-sync (OOS) to higher layers when the radio link quality is worse than the threshold Qout for all resources in the set of resources for radio link monitoring. When the radio link quality is better than the threshold Qin for any resource in the set of resources for radio link monitoring, the physical layer in the UE shall in frames where the radio link quality is assessed indicate in-sync (IS) to higher layers.
If higher layers in the UE receive N310 consecutive OOS indications, T310 timer will start. Before expiry of T310, if higher layers receive N311 consecutive IS indications, T310 stops. Otherwise, UE declares RLF if T310 expires. An example of RLM procedure is shown in the figure below.





[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK31][bookmark: OLE_LINK49]Figure 1. An example of RLM procedure in NR
Simulation Scenarios and Evaluation Metrics
This simulation focuses on the dense-urban (macro-layer) deployment scenario, in which all macro cells are on the same frequency layer. The number of unique RLM-RS(s) using different set of resources per BWP is set to X. For below 3 GHz, X≤2. For above 3 GHz and below 6 GHz, X≤6. For example, when SSB is configured as RLM-RS, a case for X=4 is illustrated in the following figure.


Figure 2. A case for X=4
As for quantitative analysis, five metrics below are used:
· 
: The probability of indicating OOS to higher layers per indication period, which can calculated according to the following equation,




: The probability of not indicating any indication to higher layers per indication period, which can calculated according to the following equation,	 


· 
: The probability of indicating IS to higher layers per indication period, which can calculated according to the following equation,


· 
: The probability of detecting RLF by UE, which can calculated according to the following equation,


· 
: LBT failure probability, which can also be considered as the probability that the RLM-RS(s) can not be successfully transmitted by the gNB.
Analysis of Simulation Results
According to TS 38.331 [1], the value of N310 and N311 can be configured to 4 and 4, respectively. SSB can be configured as RLM-RS and the maximum number of RLM-RSs can be set to 6. Assume that the periodicity of SSB of serving cell is 10 milliseconds. T310 timer is configured to 200 milliseconds. Moreover, the indication period can be determined to be 10 milliseconds by the UE [2].
In RLM procedure, the threshold Qout and Qin are correspond to 10% block error rate of a hypothetical PDCCH and 2% block error rate of a hypothetical PDCCH. Therefore, it is necessary to access the CDF of cell users’s SINR and evaluate the link curve performance of polar coding. More details of the simulation assumptions can be found in annex A and annex B.
The results of RLF probability are shown in the following picture.
[image: ]
Figure 3. LBT failure probability vs. RLF probability
The following table summarizes the results of RLF probability.
Table 1. Summary of solution results
	The number of RLM-RS 
	LBT failure probability

	
	
=0
	
=0.1
	
=0.2
	
=0.3
	
=0.4
	
=0.5
	
=0.6

	X=1
	Cell center users
	9.6126*10-4
	0.0044
	0.0133
	0.0319
	0.0657
	0.1208
	0.2046

	
	Cell edge users
	0.0045
	0.0123
	0.0275
	0.0537
	0.0955
	0.1577
	0.2462

	X=2
	Cell center users
	6.0998*10-7
	1.6920*10-4
	0.0019
	0.0088
	0.0274
	0.0664
	0.1367

	
	Cell edge users
	1.7231*10-5
	5.7063*10-4
	0.0037
	0.0135
	0.0360
	0.0792
	0.1528

	X=3
	Cell center users
	3.2916*10-10
	5.0301*10-5
	0.0010
	0.0062
	0.0219
	0.0576
	0.1249

	
	Cell edge users
	5.9377*10-8
	1.2347*10-4
	0.0016
	0.0081
	0.0258
	0.0634
	0.1321

	X=4
	Cell center users
	1.6724*10-13
	3.3875*10-5
	8.5719*10-4
	0.0056
	0.0206
	0.0555
	0.1233

	
	Cell edge users
	1.9186*10-10
	6.4571*10-5
	0.0012
	0.0067
	0.0228
	0.0587
	0.1260

	X=5
	Cell center users
	8.3016*10-17
	2.9487*10-5
	8.0786*10-4
	0.0054
	0.0203
	0.0550
	0.1216

	
	Cell edge users
	5.9685*10-13
	4.7190*10-5
	0.0010
	0.0061
	0.0216
	0.0569
	0.1238

	X=6
	Cell center users
	4.0835*10-20
	2.8000*10-5
	7.9097*10-4
	0.0054
	0.0201
	0.0548
	0.1214

	
	Cell edge users
	1.8152*10-15
	3.9106*10-5
	9.1536*10-4
	0.0058
	0.0210
	0.0560
	0.1227


As shown in Figure 3 and Table 1, as the LBT failure probability increases, the probability of declaring RLF by the UE presents geometric increase rate, regardless of cell center users or cell edge users. As instance, the RLF probability of cell center users will increase largely from 0.0044 to 0.0133 (202.2%) and the RLF probability of cell edge users will increase from 0.0123 to 0.0275 (123.5%), when the number of RLM-RS is set to 1 and LBT failure probability increases from 0.1 to 0.2. This is because the LBT failure will cause the RLM-RS(s) can not be successfully transmitted by the gNB during a indication period. The physical layer in the UE naturally indicates OOS to high layers, which helps to accelerate the pace of RLF process.
Observation 1: LBT failure can cause geometric increase in RLF probability.
Observation 2: LBT failure has greater impact on cell center users than cell edge users.
Give that the LBT failure probability is 10%. If the maximum number of RLM-RS(s) is set from 1 to 2 , the RLF probability of cell center users will decrease significantly from 0.0044 to 1.6920*10-4 (96.1%). For cell edge users, RLF probability will significantly decrease by 95.3%. Similarly, when the maximum number of RLM-RS(s) is configured from 2 to 3, the RLF probability of both cell center users and cell edge users will further decrease by approximately 71%. This means that the more the number of RLM-RS(s), the smaller RLF probability. The reason is that the probability of indicating OOS will decrease and the probability of indicating IS will increase when the number of RLM-RS(s) configured increases. 
Observation 3: Increasing the number of RLM-RS(s) helps to decrease RLF probability.
Regarding the number of RLM-RS(s), although more configured RLM-RS resources lead to smaller RLF probability, the extra benefit against radio resource overhead and more sophisticated design needs to be carefully considered. For example, give that the LBT failure probability is 30%, when the maximum number of RLM-RS(s) is set from 3 to 6, the RLF probability of cell center users will only decrease by 12.9%.
Observation 4: When the maximum number of RLM-RS(s) is larger than 4, the benefit from more RLM-RS resources may be small.  
According to the observations given above, we think RAN2 should discuss further on the RLM procedure in NR-U in order to make progresses on mobility aspects of NR unlicensed. Some solutions to reduce the RLF rate due to LBT should be studied. The corresponding text proposal capturing the simulation results can be found in [3].
Proposal 1: To capture the text proposals in TR 38.889.
Proposal 2: The solution of reducing the RLF rate caused by the LBT failure should be studied in the NR-U SI.

Conclusions
Based on the evaluations given above, we have the following Observations： 
Observation 1: LBT failure can cause geometric increase in RLF probability.
Observation 2: LBT failure has greater impact on cell center users than cell edge users.
Observation 3: Increasing the number of RLM-RS(s) helps to decrease RLF probability.
Observation 4: When the maximum number of RLM-RS(s) is larger than 4, the benefit from more RLM-RS resources may be small.  
[bookmark: _Toc502437832]Proposal 1: To capture the text proposals in TR 38.889.
Proposal 2: The solution of reducing the RLF rate caused by the LBT failure should be studied in the NR-U SI.
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Annex
Annex A: Simulation assumptions for system-level simultiaon
Table 2. System parameters of system-level simultiaon
	Attributes
	Values or assumptions

	Carrier Frequency
	4 GHz

	Mode
	DL only

	Bandwidth
	20 MHz

	Subcarrier Spacing
	15 kHz

	Channel Model
	UMa in TR 38.900

	TXRU mapping to antenna elements
	One TXRU per panel per polarization

	TXRU mapping weights
	2D TXRU virtualization weights for each panel is the Kronecker product between vertical and horizontal weight vectors taken from DFT.

	Beam selection 
	Based on the criteria of maximizing receive power after beamforming.  

	ISD
	200 m

	BS Tx power
	33 dBm

	BS Antenna Configuration
	(Mg, Ng, M, N, P) = (1,1,2,1,2)
(dH, dV) = (0.5, 0.5)λ 

	BS array orientation
	azimuth 0 degree; mechanic downtilt: 0 degree

	UE Configuration
	(Mg, Ng, M, N, P,) = (1, 1, 1, 1, 2); (dV,dH) = (0, 0)λ. 
The polarization angles are 0 and 90

	UE array orientation
	ΩUT,uniformly distributed on [0,360] degree, ΩUT,= 0 degree, ΩUT, = 0 degree

	BS antenna pattern
	See Table A.2.1-6 in TR 38.802

	UE antenna pattern
	Omnidirectional

	BS antenna height
	25m

	UE antenna height
	Same as 3D-UMa in TR36.873

	UE receiver noise figure
	10dB

	UE distribution
	20% Outdoor in cars: 30km/h,
80% Indoor in houses: 3km/h
10 users per TRP 





















Based on the simulation assumptions listed above, system-level simulation can be carried out to derive the CDF of cell center users and cell edge users, respectively. The CDF curves of cell center users and cell edge users are shown in the following figure.  
[image: ]
Figure 4. CDF of cell users’s SINR
Annex B: Simulation assumptions for link-level simultiaon 
Table 3. System parameters of link-level simultiaon
	Attributes
	Values

	Channel mode
	TDL-A

	Channel coding type
	Agreed polar coding

	Modulation
	QPSK

	Code rate
	1/3

	The number of RBs
	50

	Target BLER
	10-1, 2*10-2

	TB-CRC type
	CRC-16, CRC-24

	Simulation frames
	10000










According to the simulation assumptions listed above, the link curve performance of polar coding can be assessed via link-level simulation. And then the threshold Qout and Qin can be determined based on Figure 4.  
[image: ]
Figure 4. SNR vs. BLER
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