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1	Introduction
In this paper, we discuss the remaining aspects of RLM in NR-U, considering the following agreements in last 2 RAN4 meetings:
In RAN4 #94ebis, the following was agreed: 
· The set of SSBs that UE is required to monitor
· Define the following UE capabilities
· For RLM/BFD/CBD UE is required to monitor at least N1 candidate SSB positions from the set of SSBs that are QCLed with each other within the set of configured resources
· For intra and inter-frequency measurements UE is required to monitor at least N2 candidate SSB positions from the set of SSBs that are QCLed with each other within SMTC 
· FFS for the case Q is not provided to the UE
· FFS how to handle IDLE mode capabilities
· Candidate N1 and N2 values are [1, 2, …]
· FFS whether N1 = N2
· FFS whether to have different capabilities for FBE and LBE modes
· Send LS to RAN1 to ask for feedback on candidate values N1 and N2 taking into account impact on the overall system performance
· Further discuss other cases
· For both LBE and FBE, RLM requirements shall not rely on COT
OOS evaluation period for SSB-based RLM
Option 2: OOS evaluation is based on Lout, where Lout ≤Lout,max is the number of SSBs not available at the UE during TEvaluate_out_SSB 
Option 3: The evaluation period is scaled by a fixed scaler
FFS: excluding samples whose SNR is higher than X dB
Whether UE can expect gNB to transmit RLM-RS with same transmit power across different occasions
Send LS to RAN1 in RAN4#95-e meeting about the observation from RAN4 perspective about concern on transmit power of RS 
In RAN4#95-e meeting, RAN4 decides whether to keep working on CSI-RS based RLM requirement in Rel-16
CBD requirement: Take the proposal for SSB-based CBD in R4-2004032 as the starting point. FFS the exact numbers





In RAN4 #94e, the following was agreed [1]
RAN4 94e
· For SSB-based RLM in-sync
· Lin,max = 7 for Max(TDRX,TSSB)≤40 where TDRX=0 for non-DRX
· Lin,max = 5 for 40<Max(TDRX,TSSB)≤320
· Lin,max = 3 for TDRX>320
· No additional requirements for due to consecutively missing SSBs due to for SSB-based RLM INS
· The set of SSB that UE is required to monitor
· Option 1: UE is required to monitor at least one SSB from the set of SSBs that are QCLed with each other 
· Option 2: UE is required to monitor SSBs from the set of SSBs that are QCLed with each other within the set of configured RLM-RS resources, until it detects an SSB during this SMTC during RLM or link recovery procedures 
· Option 3: UE shall monitor all SSBs configured for RLM, regardless of QCL information 
· The RLM requirements shall not rely on COT information availability
· FFS whether the decision is applicable to both FBE and LBE or only one of them
· FFS whether UE can expect gNB to transmit RLM-RS with same transmit power across different occasions
· Whether to extend the OOS evaluation period based on the number of unavailable SSB
· Option 1: No. Out-of-sync evaluation period is extended by a fixed number of samples 
· Option 1a: No. Out-of-sync evaluation period excluding the available SSB is scaled by a fixed factor of N
· Option 2: Yes. OOS evaluation is based on Lout, where Lout ≤Lout,max is the number of SSBs not available at the UE during TEvaluate_out_SSB 
· Option 3: Select option 2 in FBE networks and option 1 in LBE networks 


[bookmark: _Hlk7682270][bookmark: _Hlk27035999]2	SSB based RLM
Despite the good progress achieved in the previous RAN4 meetings, there are still remaining issues for SSB based RLM in NR-U, which are discussed in the next sections.
2.1	Out-of-sync evaluations
For out-of-sync evaluations, it was agreed in the RAN4 #94b to have two options. The first one considers that the evaluation period is extended by the number of occasions the SSB is not available at the UE the evaluation period by a fixed factor, and the second option is to extend it based on a fixed period. Whether to exclude samples whose the SNR is higher than X dB is listed as FFS.  
However, there is no consensus in whether the UE is capable or not to distinguish missing SSBs from low-SINR received SSBs in low SINR conditions, and different views on this issue were presented in the last RAN4 meeting.  For example, in [3], the authors mention that the UE might not be capable of distinguish between the two cases, and in the end, the impact of missed DRS occasions in the evaluation period could be neglected due to typical configurations of the T310 timer (1000 ms). Therefore, it is proposed to extend the evaluation period, but with a fixed value.
In [4], a set of simulations were presented showing the SSB misdetection probability under low SINR levels. It has been shown that for SINR side condition equal to -10 dB, for example, the misdetection probability is in the order of 50%, concluding that it can be challenging for the UE to distinguish between a low SINR SSB and an LBT failure. As in [3], it is proposed to extend the OOS evaluation period by a fixed scaling factor. 
In [5], it is proposed that higher SINRs can be configured in NR-U RLM test cases, since the LBT procedure would, anyway, lead to lower interference when compared to similar scenarios in NR deployments. Therefore, it is proposed that the out-of-sync evaluation period is extended based on the number of occasions in which the SSB is not available at the UE (due to LBT failure, for example), assuming that the UE is able to differentiate the LBT failure from an SSB received with low SINR.
The proposals in [2][3][4] and [5] point to different directions when treating the OOS evaluation period, and some considerations are necessary. First, considering the proposals in [4], we cannot guarantee that the SINR in the unlicensed spectrum is always much higher than in licensed spectrum. For example, in unlicensed spectrum one well known problem of the CCA mechanism is the hidden node problem, in which two nodes, that cannot detect the presence of each other, transmit simultaneously causing interference to a third node to which one of the transmissions were intended. In IEEE 802.11 technologies, this issue is minimized by introducing the request-to-send, clear-to-send (RTS/CTS) mechanism. The same mechanism is not present in NR-U, nor in LTE-LAA, therefore, we cannot assume that the SINR will be always higher than what is observed in licensed spectrum. 
The SINR in unlicensed spectrum is likely to be higher than in licensed spectrum, however, it is not possible to guarantee that this will always be the case.
There is no consensus in whether the UE can distinguish missing RLM-RS (due to LBT failure) from RLM-RS received with low SINR, therefore it cannot be assumed in the RAN4 requirements.
Therefore, it is proposed to follow what it indicated in [2][3]:
[bookmark: _Ref27055410]Extend the SSB based RLM OOS evaluation period by a fixed factor. 
Additionally, in the RAN4 94e meeting, it was decided that for in-sync (IS) evaluations, the evaluation period would be extended by 7, 5 or 3 occasions, depending on the periodicity of the SSB or DRX cycle. In order to be consistent with the baseline approach, in which the OOS evaluation period is twice the IS evaluation period, and considering the agreements for IS evaluations, it is proposed to define the OOS evaluation period as: 
[bookmark: _Ref40268498] Define the SSB based RLM OOS evaluation period based on a fixed extension as follows: 
L = 14 for max(TSSB, TDRX) ≤ 40, 
L = 10 for 40 <Max(TDRX,TSSB)≤320 
L = 6 for TDRX>320
The values in Proposal 2: would lead to twice the time of the IS evaluation period, considering the maximum extensions of Lin. It is also important to notice that the RLF procedure is controlled by the timer T310 and the counters N310 for OOS indications, and N311 for IS indications. So, in order to compensate the extra delays introduced by the extension of the evaluation period, the gNB can balance the duration of the timer, and number of indications needed for declaring RLF.

2.3	Number of SSBs that the UE is required to monitor
In NR-U, in order to cope with the probability of LBT failures, RAN1 has defined a new mechanism which allows QCLed beams to be transmitted in different candidate positions within the DRS transmission window. It is worth mentioning that the mechanism introduced by RAN1 only improves the performance in LBE networks. In FBE networks, if the channel is not available at the beginning of the frame, the gNB will only have access in the next frame period. 
The mechanism introduced by RAN1, herein referred to as “beam cycling”, is only useful for LBE networks. 
RAN4 to define different requirements for FBE and LBE mode.

N1 is not defined for FBE mode. In FBE mode, as the UE may monitor only the first Q candidate SS/PBCH block indexes of the discovery burst transmission window in any case for which the UE is aware of the timing of the corresponding cell.
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[bookmark: _Ref40455938]Figure 1 - Relationship between SSB index and candidate SSB index
In the example of Figure 1, the gNB sends 4 different beams, and there are 10 SSB candidate positions. Getting SSB 0 as an example, SSB index 0 can be sent either in the candidate position 0, 4 or 8, depending on the LBT outcome. The difference between NR and NR-U, in this case, is that in NR each beam is sent in a precise time during the SMTC window and in NR-U there is an uncertainty on the candidate position of the co-located beams. 
In NR rel-15, the UE can be configured to monitor multiple RLM-RS. The maximum number of RLM-RS resources that the UE is required to be able to monitor in FR-1 above 3GHz is 4, while the maximum number of SSBs indexes per half frame is 8. 
In the agreement in RAN4 94e-b, it was defined that RAN4 will specify the following UE capabilities:
RLM/BFD/CBD UE is required to monitor at least N1 candidate SSB positions from the set of SSBs that are QCLed with each other within the set of configured resources
It is important to highlight that the network will configure the duration of the DRS transmission window based on the spectrum load. In low spectrum load, it makes no sense that the gNB configures a long DRS transmission window, and in high spectrum load, the “misdetection of SSBs” may increase if the UEs are not monitoring multiple candidate positions for a given SSB index. 
This situation is shown in Figure 2, which shows an example of the probability of monitoring a SSB within a window of size “N candidate positions” as a function of the LBT success probability for the first candidate position,  and the number of monitored candidate positions for SCS = 30 kHz and a 2 SSBs/slot transmission pattern. These results assume a geometrical distribution, in which the probability of monitoring a SSB within a window of size “N candidate positions” is given by:
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Figure 2 - Probability of SSB index being within the monitored window as a function of the LBT success probability, and number of monitored candidate positions

In low spectrum loads, represented by the cases in which p is high (60% or 80%), there is no reason for the gNB to configure the UEs with a long DRS transmission window. In these two cases, the probability of a SSB being sent within the first 3 candidate positions, for example, is higher than 90%. Under high spectrum load, on the other hand (cases in which p is 40% or 20%), the probability of a SSB being sent within the first 3 candidate positions can be smaller than 50%. Therefore, the gNB would configure a long DRS transmission window to maximize the probability of sending a SSB index within the DRS transmission window. It is important to highlight that the results assume that the LBT probability in each candidate position is uncorrelated, leading to an optimistic estimation of the probability of the SSB being transmitted within the monitored window. However, in real deployments, these probabilities are correlated. For example, the duration of a transmission in 5GHz spectrum can be up to 10 ms [11].
The spectrum load is not under the gNB control. It depends on the number of nodes that are competing for the channel access, and on the traffic load. 
In low spectrum load scenarios, it is not expected for the gNB to configure a long DRS transmission window, since it would be wasting resources without any real benefit to the network.  
In high spectrum load scenarios, RAN1 design allows for longer DRS transmission windows. If UEs are not monitoring these candidate positions, there is no gain in the RAN1 design. 
If N1 is too low, let’s say 1 or 2, in high interference conditions, the UEs will have a high probability of not monitoring the candidate positions in which the SSB index is being actually transmitted. The table below shows the same results of Figure 2: the probability of monitoring a SSB, as a function of the window size N, and the probability of SSB success. 
	
	P[%]

	N
	p = 20%
	p =40%
	p = 60%
	p = 80%

	1
	20.00
	40.00
	60.00
	80.00

	2
	36.00
	64.00
	84.00
	96.00

	3
	48.80
	78.40
	93.60
	>99

	4
	59.04
	87.04
	97.44
	>99

	5
	67.23
	92.22
	98.98
	>99

	6
	73.79
	95.33
	>99
	>99

	7
	79.03
	97.20
	>99
	>99

	8
	83.22
	98.32
	>99
	>99

	9
	86.58
	98.99
	>99
	>99

	10
	89.26
	>99
	>99
	>99

	11
	91.41
	>99
	>99
	>99

	12
	93.13
	>99
	>99
	>99

	13
	94.50
	>99
	>99
	>99

	14
	95.60
	>99
	>99
	>99

	15
	96.48
	>99
	>99
	>99

	16
	97.19
	>99
	>99
	>99

	17
	97.75
	>99
	>99
	>99

	18
	98.20
	>99
	>99
	>99

	19
	98.56
	>99
	>99
	>99

	20
	98.85
	>99
	>99
	>99



For LBE, for an LBT success probability of 20% and Q=1 a probability above 90% that the SSB is within a monitoring window is only achieved with at least 11 candidate positions.
The previous observation considers a simplified LBT model with uncorrelated probability of LBT success for each candidate position. In real deployments, it is expected that the probability of LBT failure is correlated between neighbour candidate positions. E.g. the duration of a transmission in 5GHz spectrum can be up to 10 ms [11].
This discussion is still ongoing in RAN1, so, at this time, we propose: 
RAN4 to wait for RAN1 feedback for the discussion of N1 values for LBE mode.
3	CSI-RS based RLM

So far, RAN4 has not yet agreed on how to consider the LBT failure during CSI-RS based RLM. Similar to the SSB based RLM, the in-sync and out-of-sync evaluation period for CSI-RS based RLM depends on the periodicity of the reference signals. For in-sync evaluation, in high SINR, it seems reasonable to assume that the framework designed by RAN4 for SSB based RLM, is reused. Therefore, it is proposed:
Adopt the same approach for CSI-RS based RLM as in SSB based RLM, and define the in-sync evaluation period as:
	Configuration
	TEvaluate_in_CSI-RS (ms) 

	no DRX
	Max(100, Ceil((Min+Lin-CSI-RS)×P) × TCSI-RS)

	DRX ≤ 320ms
	Max(100, Ceil(1.5×(Min+Lin-CSI-RS)×P)× Max(TDRX, TCSI-RS))

	DRX > 320ms
	Ceil((Min+Lin-CSI-RS)×P) × TDRX

	NOTE 1:	TCSI-RS is the periodicity of the CSI-RS resource configured for RLM. The requirements in this table apply for TCSI-RS equal to 5 ms, 10ms, 20 ms or 40 ms. TDRX is the DRX cycle length.
NOTE 2: Lin-CSI-RS is the number of CSI-RS not available at the UE during TEvaluate_in_CSI-RS, and Lin-CSI-RS < Lin-CSI-RS_max
NOTE 3: Lin-CSI-RS_max = TBD for max(TDRX, TCSI-RS)≤ 40, where TDRX = 0 for non-DRX, Lin-CSI-RS_max = TBD for 40<max(TDRX, TCSI-RS)≤ 320 and Lin-CSI-RS_max = TDB for TDRX > 320.



Simarly, for out-of-sync evaluation, it cannot be assumed that the UE can differentiate between a missed RLM-RS due to LBT failure, or low SINR conditions, therefore, we propse the following:
Adopt the same approach for CSI-RS based RLM as the proposed for SSB based RLM, and define the extension of the out-of-sync evaluation period based on a fixed number of samples as follows:
	Configuration
	TEvaluate_out_CSI-RS (ms) 

	no DRX
	Max(200, Ceil((Mout+Lout-CSI-RS)×P) × TCSI-RS)

	DRX ≤ 320ms
	Max(200, Ceil(1.5×(Mout+Lout-CSI-RS)×P)× Max(TDRX, TCSI-RS))

	DRX > 320ms
	Ceil((Mout+Lout-CSI-RS)×P) × TDRX

	NOTE 1:	TCSI-RS is the periodicity of the CSI-RS resource configured for RLM. The requirements in this table apply for TCSI-RS equal to 5 ms, 10ms, 20 ms or 40 ms. TDRX is the DRX cycle length.
NOTE 2: Lout-CSI-RS = TBD for max(TDRX, TCSI-RS)≤ 40, where TDRX = 0 for non-DRX, Lout-CSI-RS= TBD for 40<max(TDRX, TCSI-RS)≤ 320 and Lout-CSI-RS= TDB for TDRX > 320.


4 Conclusion
1. The SINR in unlicensed spectrum is likely to be higher than in licensed spectrum, however, it is not possible to guarantee that this will always be the case.
There is no consensus in whether the UE can distinguish missing RLM-RS (due to LBT failure) from RLM-RS received with low SINR, therefore it cannot be assumed in the RAN4 requirements.
1. Extend the SSB based RLM OOS evaluation period by a fixed factor.
1. Define the SSB based RLM OOS evaluation period based on a fixed extension as follows: 
L = 14 for max(TSSB, TDRX) ≤ 40, 
L = 10 for 40 <Max(TDRX,TSSB)≤320 
L = 6 for TDRX>320
The mechanism introduced by RAN1, herein referred to as “beam cycling”, is only useful for LBE networks. 
RAN4 to define different requirements for FBE and LBE mode.
N1 is not defined for FBE mode. In FBE mode, as the UE may monitor only the first Q candidate SS/PBCH block indexes of the discovery burst transmission window in any case for which the UE is aware of the timing of the corresponding cell.
The spectrum load is not under the gNB control. It depends on the number of nodes that are competing for the channel access, and on the traffic load. 
In low spectrum load scenarios, it is not expected for the gNB to configure a long DRS transmission window, since it would be wasting resources without any real benefit to the network.  
In high spectrum load scenarios, RAN1 design allows for longer DRS transmission windows. If UEs are not monitoring these candidate positions, there is no gain in the RAN1 design. 
For LBE, for an LBT success probability of 20% and Q=1 a probability above 90% that the SSB is within a monitoring window is only achieved with at least 11 candidate positions.
The previous observation considers a simplified LBT model with uncorrelated probability of LBT success for each candidate position. In real deployments, it is expected that the probability of LBT failure is correlated between neighbour candidate positions. E.g. the duration of a transmission in 5GHz spectrum can be up to 10 ms [11].

RAN4 to wait for RAN1 feedback for the discussion of N1 values for LBE mode.
Adopt the same approach for CSI-RS based RLM as in SSB based RLM, and define the in-sync evaluation period as:
	Configuration
	TEvaluate_in_CSI-RS (ms) 

	no DRX
	Max(100, Ceil((Min+Lin-CSI-RS)×P) × TCSI-RS)

	DRX ≤ 320ms
	Max(100, Ceil(1.5×(Min+Lin-CSI-RS)×P)× Max(TDRX, TCSI-RS))

	DRX > 320ms
	Ceil((Min+Lin-CSI-RS)×P) × TDRX

	NOTE 1:	TCSI-RS is the periodicity of the CSI-RS resource configured for RLM. The requirements in this table apply for TCSI-RS equal to 5 ms, 10ms, 20 ms or 40 ms. TDRX is the DRX cycle length.
NOTE 2: Lin-CSI-RS is the number of CSI-RS not available at the UE during TEvaluate_in_CSI-RS, and Lin-CSI-RS < Lin-CSI-RS_max
NOTE 3: Lin-CSI-RS_max = TBD for max(TDRX, TCSI-RS)≤ 40, where TDRX = 0 for non-DRX, Lin-CSI-RS_max = TBD for 40<max(TDRX, TCSI-RS)≤ 320 and Lin-CSI-RS_max = TDB for TDRX > 320.



Adopt the same approach for CSI-RS based RLM as the proposed for SSB based RLM, and define the extension of the out-of-sync evaluation period based on a fixed number of samples as follows:
	Configuration
	TEvaluate_out_CSI-RS (ms) 

	no DRX
	Max(200, Ceil((Mout+Lout-CSI-RS)×P) × TCSI-RS)

	DRX ≤ 320ms
	Max(200, Ceil(1.5×(Mout+Lout-CSI-RS)×P)× Max(TDRX, TCSI-RS))

	DRX > 320ms
	Ceil((Mout+Lout-CSI-RS)×P) × TDRX

	NOTE 1:	TCSI-RS is the periodicity of the CSI-RS resource configured for RLM. The requirements in this table apply for TCSI-RS equal to 5 ms, 10ms, 20 ms or 40 ms. TDRX is the DRX cycle length.
NOTE 2: Lout-CSI-RS = TBD for max(TDRX, TCSI-RS)≤ 40, where TDRX = 0 for non-DRX, Lout-CSI-RS= TBD for 40<max(TDRX, TCSI-RS)≤ 320 and Lout-CSI-RS= TDB for TDRX > 320.
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