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[bookmark: _Ref165266342]Introduction
In order to coexist with WiFi devices, 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 there is high probability the physical layer in the UE indicates out-of-sync to higher layers when RLM-RS(s) cannot 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 evaluation 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 total number of RLF occurrences 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 in NR is shown in the following figure.





[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 example, when SSB is configured as RLM-RS, a case for X=4 is illustrated in Figure 2 below.


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




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


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


· 
: The total number of RLF occurrences among all the cell users over evaluation period. 
Analysis of Simulation Results
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’ SINR and evaluate the link curve performance of polar code. More details of the simulation assumptions can be found in annex A, annex B, and annex C.
The simulation results are shown in the figure below.
[image: ]
Figure 3. LBT failure probability vs. RLF occurrences
The following table summarizes the simulation results.
Table 1. Summary of simulation results
	The total number of RLF occurrences 
	LBT failure probability

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

	X=1
	Cell center users
	95
	387
	1024
	1884
	2834
	3581
	4153

	
	Cell edge users
	2235
	3069
	3532
	3929
	4226
	4425
	4516

	X=2
	Cell center users
	0
	0
	8
	139
	738
	1907
	3167

	
	Cell edge users
	64
	300
	881
	1721
	2695
	3487
	4088

	X=3
	Cell center users
	0
	0
	0
	17
	265
	1194
	2619

	
	Cell edge users
	0
	5
	80
	459
	1361
	2531
	3539

	X=4
	Cell center users
	0
	0
	0
	6
	155
	954
	2384

	
	Cell edge users
	0
	0
	6
	111
	666
	1806
	3085

	X=5
	Cell center users
	0
	0
	0
	5
	127
	858
	2294

	
	Cell edge users
	0
	0
	1
	35
	367
	1402
	2761

	X=6
	Cell center users
	0
	0
	0
	4
	110
	822
	2254

	
	Cell edge users
	0
	0
	0
	16
	232
	1149
	2577

	X=7
	Cell center users
	0
	0
	0
	4
	107
	812
	2243

	
	Cell edge users
	0
	0
	0
	8
	186
	1003
	2442

	X=8
	Cell center users
	0
	0
	0
	3
	107
	804
	2223

	
	Cell edge users
	0
	0
	0
	7
	144
	926
	2371


As shown in Figure 3 and Table 1, there is a positive correlation between the LBT failure probability and the total number of RLF occurrences among all the cell users, regardless of cell centre users or cell edge users. For instance, the number of RLF occurrences increase largely from 387 to 1024 (164.6%) for the cell centre users and the number of RLF occurrences will increase slightly from 3069 to 3532 (15.1%) for the cell edge users, when the number of RLM-RS is set to 1 and LBT failure probability increases from 0.1 to 0.2. This is because LBT failure will cause the RLM-RS(s) cannot be successfully transmitted by the gNB over an indication period. The physical layer in the UE indicates OOS to high layers, which helps to accelerate the pace of RLF process.
Observation 1: The total number of RLF occurrences has positive correlation with LBT failure 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 number of RLF occurrences will decrease largely from 387 to 0 (100%) for the cell centre users and the number of RLF occurrences will decrease largely from 3069 to 300 (90.2%) for the cell edge users. This means that the more the number of RLM-RSs, the users are less likely to declare RLF. 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 reduce the total number of RLF occurrences.
Regarding the number of RLM-RS(s), although more configured RLM-RS resources can reduce the number of RLF occurrences, the extra benefit against radio resource overhead and more sophisticated design needs to be carefully considered. For example, given that the LBT failure probability is 40%, when the maximum number of RLM-RS(s) is set from 5 to 8, for the cell center users, the total number of RLF occurrences will only decrease by 15.8%.
Observation 4: When the maximum number of RLM-RS(s) is larger than 5, 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 number RLF occurrences due to LBT failure should be studied. The corresponding text proposal capturing the simulation results can be found in [3].
Proposal 1: To capture the simulation results in TR 38.889.
Potential solutions
Solution 1: Increase the number of RSs


Figure 1: Increasing the transmission opportunities of RS(s) in both frequency domain and time domain
According to the simulation results give above, one potential solution to reduce the false RLF detection is to increase the transmission opportunities of reference signals for the RLM. From our understanding, we can increase the RLM reference signaling configured for the UE in both the time domain and the frequency domain, as illustrated in Figure 1. In the time domain, we can increase the number of configured references signals in each RLM evaluation period. In the frequency domain, the RLM reference signals in each RLM evaluation period can be configured in different frequencies (e.g. different frequency channels within a BWP, different BWP(s), and different cells).
The main drawbacks of increasing the number of configured RLM RS(s) are the increased resource cost and the increased power consumption of RS monitoring. 

Solution 2: UE detection of RS LBT failure 


Figure 2: UE detection of LBT failure
This solution is to allow the UE to detect the RS LBT failure via the UE measurement. For example, if the receive signal strength of the RLM RS is below a threshold (e.g. Threshold_1 as given in Figure 2), the UE does not declare OOS. Thus the false RLF due to the LBT failure can be avoided. The solution can also reduce the number of RS(s) configured to save the network resource and the UE power. 
The main drawbacks of this solution is the complexity of the UE to detect the LBT failure. How to differentiate the temporary air-interface blockage between the UE and the gNB and the LBT failure should be further studied.

Conclusions
Based on the evaluations given above, we have the following Observations and Proposals： 
[bookmark: _Toc502437832]Observation 1: The total number of RLF occurrences has positive correlation with LBT failure 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 reduce the total number of RLF occurrences.
Observation 4: When the maximum number of RLM-RS(s) is larger than 5, the benefit from more RLM-RS resources may be small.  
Proposal 1: To capture the simulation results in TR 38.889.
Proposal 2: To capture the following solutions in TR 38.889:
· Solution 1: Increase the transmission opportunities of RLM RS(s) in each RLM evaluation period
· More RLM RSs can be configured in each RLM evaluation period.
· More RLM RSs can be configured in different frequency domains (e.g. different frequency channels within a BWP, different BWP(s), and different cells)
· Solution 2: Allow the UE detection of the RS LBT failure
· When the measurement result of the RLM RS is below a threshold, the UE does not declare OOS.
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Annex
Annex A: Simulation assumptions for RLM procedure
Table 2. Initial parameters for RLM
	Attributes
	Values or assumptions

	N310
	4

	N311
	4

	T310
	500 ms

	The number of RLM-RSs (X) 
	Up to 8

	RLM-RS resource
	SSB

	SSB periodicity 
	10 ms

	Indication period
	10 ms

	Evaluation period
	5 s

	The number of gNBs
	19

	The number of users in the network
	570 (19*3*10)








Annex B: Simulation assumptions for system-level simulation
[bookmark: _GoBack]Table 3. System parameters of system-level simulation
	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

	Minimum distance between gNB and UE
	35m

	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
	Omni 

	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. Note that the distance between cell center user and gNB is uniform distribution between 35 and 0.9*2/3*ISD, while the distance between cell edge user and gNB is uniform distribution between 0.9*2/3*ISD and 2/3*ISD in this contribution.
The CDF curves of cell center users and cell edge users are shown in the following figure.  
[image: ]
Figure 4. CDF of cell users’ SINR

Annex C: Simulation assumptions for link-level simulation 
Table 4. System parameters of link-level simulation
	Attributes
	Values

	Channel mode
	TDL-A

	Channel coding type
	Polar code

	Modulation
	QPSK

	Code rate
	1/3

	Decoding algorithm
	SCL

	The number of RBs
	50

	Target BLER
	10-1, 2*10-2

	TB-CRC type
	CRC-24

	Simulation frames
	10000












According to the simulation assumptions listed above, the link curve performance of polar code 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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