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1. Introduction
This paper focusses on RLM requirements for FR2 and summarizes our main findings from [1-5] and reports new findings. 
One of the main conclusions from our static simulation studies [1-3] was that although a large number of SS beams can cross the -6 dB SINR detection threshold, only a small number of these SS beams are relevant in terms of subsequent beam refinement and link maintenance. To be specific, the SINR gap between the best SS beam and the beams outside an active beam set of size K = 8-12 is so high to not warrant their maintenance either for high rate requirements, diversity or fall back for blockage, or for path combining at the RF or digital levels. 
These initial results suggested that: 
· Lower UE complexity can be maintained along with strict mmWave link maintenance requirements in high mobility conditions. 

To provide convincing evidence for such a claim, we demonstrated dynamic simulation studies in [4-5] with 80% of the UEs being indoor and 20% of the UEs being outdoor, and 100% of the UEs being outdoor, respectively. The indoor UEs moved with speeds of 3 kmph and outdoor UEs moved with speeds of 30 kmph. From these studies, we reported the following: 

· Using the same system level studies assumptions in [6] and [7], a measurement period on the order of 200-400 ms is shown to be sufficient to ensure that the outage rate can be held below a 2% threshold. Further, this measurement period is also sufficient to ensure that the failure probability of the active beam set of size K = 8-12 is below a 5% threshold. 
· Thus, millimeter wave links can be maintained with adequate levels of robustness with a 200-400 ms measurement period and K = 8-12.

· Proposal 1: RAN4 should keep UE complexity in mind when specifying the minimal number of beams to be monitored per frequency layer. 
We illustrate new results with more averaging and more measurement periods which reinforce these findings. Thus, we continue to maintain these proposals and we suggest that RAN4’s minimal requirements not be onerous on the UE implementation in terms of power and complexity. 

2. Mobility/Dynamic simulation results
2.1 Active Beam Set management 
For mobility studies, we first assume that an active beam set of size K is maintained at the UE and we compute the average probability with which a serving beam that is not in the active beam list becomes a serving beam at different measurement period choices of Δ (from the set 80, 160, 240, 320, 400 and 800 ms) and different choices of K (from the set 4, 6, 8, 10, 12, 14 and 16). Table I reports these estimated probabilities corresponding to the case of 100% of the UEs being outdoor and traveling in random directions with 30 kmph speeds. We have increased the number of UEs in the simulation (from prior studies [5] which had 10 UEs per sector) to 20 UEs per sector for a total UE set of 1140 UEs.  
From this table, we observe that the failure probability of the active beam set can be maintained below 7% with K = 8 even for Δ = 400 ms. This probability reduces to ~5% at Δ = 200 ms. Note that this study considers the very pessimistic scenario of all UEs being in a moderate mobility condition. 
	Choice of Δ
	80 ms
	160 ms
	240 ms
	320 ms
	400 ms
	800 ms

	K = 8
	3.77%
	4.82%
	5.09%
	5.44%
	6.84%
	10.61%

	K = 10
	3.68%
	4.12%
	4.39%
	5.00%
	6.40%
	10.09%

	K = 12
	3.60%
	3.86%
	4.30%
	4.65%
	6.14%
	8.95%

	K = 14
	2.89%
	3.42%
	4.04%
	4.39%
	5.18%
	7.89%

	K = 16
	2.63%
	2.81%
	3.25%
	3.77%
	4.82%
	7.11%


Table I: Probability of a beam not in the active beam set showing up as a serving beam with different choices of Δ and K for 100% outdoor UE scenario. 
For those UEs which lead to the failure of the active beam set, we consider the following more important metric now. We study the SINR gap between the best beam in the active beam set (that is not a serving beam) and the serving beam that shows up from outside the active beam set. This metric captures the potential loss in performance due to the maintenance of an active beam set of a certain size and thus, reflects the trade-off between a larger active beam set maintenance and potential loss in throughput due to a smaller active beam set. Figs. 1(a) and (b) plot the CDF of this SINR gap for different choices of Δ (in 80, 160 and 240 ms) and K = 8 or 12. From this figure, we observe that while there is a minimal loss in SINR for the K = 8 case (median value of ~2.3 dB at Δ = 80 ms and a median value of ~3.5 dB at Δ = 160 ms), these losses are considerably minimal with K = 12. In particular, the median loss at Δ = 80 ms is ~0.9 dB and at Δ = 160 ms, it is ~1.8 dB. Note that these losses correspond to the small fraction of UEs (< 5%) that need a beam outside the active beam set for best link maintenance. 
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Figure 1: CDF of SINR gap between best beam in the active beam set and the serving beam (not in the active beam set) for different choices of K and Δ with the 100% outdoor UE scenario.
From Tables I-II and Figure 1, we make the following observations. 

Observation 1: In general, the probability of a beam not in the active beam set showing up as a serving beam is higher as the mobility condition (or speed) of the UE increases. 

Observation 2: By studying the stress testing scenario of 100% of the UEs moving with 30 kmph speeds, using a measurement period of Δ = 400 ms and K = 8-12, we show that the failure probabilities with the active beam set can be maintained below a ~7% threshold. 
Observation 3: From prior studies such as [4], if all the UEs are pedestrian and moving with 3 kmph speeds, the failure probabilities can be maintained with an even lower ~5% threshold.
Observation 4: Comparable numbers with a Δ = 200 ms measurement period are a ~5% and a ~3% failure rate, respectively. 
Observation 5: Furthermore, for those (small fractions of) UEs for whom the serving beam is from outside the active beam set, the median of the SINR gap is ~3.5 dB with K = 8 and ~1.8 dB with K = 12, both measured at Δ = 160 ms. 
2.2 Radio Link Failures  
Beam management is done in the serving cell via L1 reporting and in the neighbour cell via L3 reporting. SS beams are measured at every Δ time-period. We say that a beam is detected if it crosses the -6 dB SINR detection threshold. L1 reporting for intra-frequency is performed every X time-period (e.g., X = 80 ms) when a target beam in the same cell is better than the serving beam by δ1 dB. In this scenario, a beam switching is triggered by the UE with the serving cell.  L3 reporting for inter-frequency is performed every Y time-period (e.g., Y = 200-400 ms) when a beam in the target cell is better than the serving beam by δ2 dB. In this scenario, a handover procedure is triggered by the UE with the target (and serving) cell. In this paper, we use δ1 = δ2 = 2 dB.
 A radio link failure metric is now defined as follows. We assume that each UE measures the SINR on the best 4 beams over every Δ measurement period. If the SINR of all these four beams is below a -8 dB SINR threshold, we declare that the state of the UE goes to out-of-sync. On the other hand, if at least one of these four beams cross a -4 dB SINR threshold, we declare that the state of the UE is in-sync. Radio link failure corresponds to being out-of-sync for at least 500 ms. 

In our studies, we find the radio link failure rate per UE per second to be an extremely low number:

· With Δ = 200 ms, the radio link failure rate is 0.17%

· With Δ = 400 ms, the radio link failure rate is 0.35%

The reason for these low radio link failure rates is that while a better beam from outside the active beam set could show up at a measurement period of Δ, the likelihood of all the beams going below a -8 dB threshold is extremely low especially with small cell sizes such as 200 m considered in the simulation assumptions of this paper. 

Observation 6: A very low radio link failure rate (< 0.5%) can be supported with both Δ = 200 or 400 ms. 

These observations lead to the following proposals in this paper.  
Proposal 2 (Proposed Requirements):  

· UE shall be able to monitor/detect at least 3 [4] cells for intra-frequency. 
· UE shall be able to monitor/detect at least 8 SS beams for intra-frequency and 12-16 SS beams in all. 
Proposal 3: Δ = 400 ms is used for measurement period. 
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