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1. Introduction

The goal of this paper is to provide beam management requirements for FR2. Based on our previous papers [1]-[3], reduction of UE complexity in monitoring beams (both the numbers to be monitored as well as the measurement period) showed up as an important aspect that needs a strong consideration from RAN4. 
In particular, in our prior paper [3], we emphasized that even though 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, as most of the SS beams are significantly weaker relative to the best SS beam, it is questionable whether their maintenance in a beam list is necessary. Furthermore, RAN4 RRM system simulation studies typically consider a small cell (200 m ISD UMa scenario) and do not include real impairments like blockage losses (e.g., self-blockage due to hand, human or body blockage due to other humans in the cell, vehicular losses due to random movement of vehicles in an outdoor environment, etc.) as these are optional considerations for 3GPP 5G-NR studies as listed in TR 38.901. Note that these losses are not included in the agreed system simulation assumptions in [5] and [6]. 

Given this context, the number of relevant/useful SS beams is expected to be even smaller than the studies reported in [1]-[3] as well as by other companies. For example, the flat 30 dB self-blockage loss assumption from TR 38.901 can render the non-viability of most SS beams from the beam table maintained at the UE. This point needs to be emphasized as a high constant overhead in terms of the minimal number of beams to be monitored/tracked as well as the periodicity with which such a tracking process needs to be performed at the UE end has a significant bearing in terms of the power consumption and UE complexity, which is not desirable. While a sufficient number of SS beams need to be maintained and monitored to render the robustness of the mmWave solution and beam tracking has to be performed with a high enough frequency to refresh the beam list table especially with high mobility, over-dimensioning the UE to unnecessarily monitor/maintain beams should also be avoided. 
In this paper, as in [4], we continue to highlight the importance of reduction in UE complexity by reducing the number of SS beams that a UE is expected to monitor for both static and mobility scenarios. Our main contributions are the following.  
· We illustrate studies to show that a small number of SS beams such as 8-12 and 3-4 cells is good enough for link maintenance both from a static consideration as well as based on mobility studies. While prior meetings has shown a strong interest in maintaining a beam list table of a large number of beams (>20), our studies show that such high numbers are not warranted.
· We also show that a measurement period on the order of 200-400 ms is 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 is below a 5% threshold. 
· Thus, these numbers suggest that a lower UE complexity can be maintained at 200-400 ms and K = 8-12 and still the mmWave links can be maintained with adequate levels of robustness.  
2. Results from mobility studies 
We had made the following observations and proposals in [4]. We continue to make these proposals in this paper. 

Observation 1: With the -6 dB detection threshold for the 8 x 4 gNB array, the 50th percentile of the number of SS beams detected is ~6 and the 90th percentile is ~20. 
Observation 2: While these appear to be a large number of beams to monitor/track, with the -6 dB detection threshold, for the 8 x 4 array, the SINR gap between the best SS beam of the serving cell and the 8th best beam in the serving cell is beyond 15 dB and 10 dB at the median level and the 90th percentile, respectively. 

Proposal 1: RAN4 should keep UE complexity in mind when specifying the minimal number of beams to be monitored per frequency layer. 

Proposal 2 (Proposed Requirements):  

· UE shall be able to monitor/detect at least 8 [12] SS beams per frequency layer 
· UE shall be able to monitor/detect at least 3 [4] cells for intra-frequency. 
Proposal 3: Should RAN4 define a maximum number of beams per cell to be measured/reported, this number should be between 6 and 8. 
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 and different choices of K. Table I reports these estimated probabilities. To study these metrics and the ensuing general trends, we conducted system simulation experiments with 10 UEs per cell according to the Simulation assumptions also listed in the Annex. 
From Table I, we observe that there is a general small-scale fading dependent fluctuation for some of these probability estimates. Nevertheless, in general, this probability is expected to increase as Δ increases and to decrease as K increases. More importantly, with small choices such as K = 8 or 12, the failure probability of the active beam set for even up to Δ = 400 ms is fairly low (less than ~5%). Even with a stringent 4% threshold, a choice such as K = 8-12 is sufficient to maintain the failure probability of the active beam set for Δ = 200 ms. These observations suggest that UE complexity can be maintained with such small choices of K and Δ = 200 ms. 
	Choice of Δ
	80 ms
	160 ms
	240 ms
	320 ms
	400 ms

	K = 4
	4.74%
	5.79%
	6.14%
	6.67%
	7.20%

	K = 6
	3.51%
	3.68%
	4.39%
	5.09%
	5.61%

	K = 8
	3.16%
	3.34%
	4.04%
	4.91%
	5.09%

	K = 10
	3.16%
	3.16%
	4.04%
	4.56%
	5.09%

	K = 12
	3.16%
	2.98%
	3.69%
	4.39%
	5.09%


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  
Following [6], we now provide statistics on outage rate and fractional outage period in this paper. Table II reports these estimates with different choices of Δ and X = 2 dB. From these studies, while these rates show some fluctuations due to small-scale fading of the channel matrices, some general trends are observed. We observe that the outage rate generally shows an increasing tendency as Δ increases. On the other hand, it shows a decreasing tendency as X increases. From Table II, the outage rate is somewhere from 1.05-1.75% suggesting that a choice of Δ = 200-400 ms is sufficient to be within a critical 2% outage threshold. Conditioned on an outage, the serving beam is in outage in approximately ¼ to 1/3 fraction of the measurement period Δ. At this point, we re-emphasize that the choice of Δ should be to trade off the ability to refresh the useful/relevant table of SS beams at the UE end without unnecessarily increasing the complexity of UE implementations. 
	Choice of Δ
	80 ms
	160 ms
	240 ms
	320 ms
	400 ms

	Outage Rate
	1.05%
	1.23%
	1.40%
	1.40%
	1.75%

	Fractional Outage Period
	0.2441
	0.2709
	0.3322
	0.3056
	0.3292


         Table II: Outage rate and fractional outage period with different choices of Δ
Based on the above studies reported in this paper, we make the following observations and proposals: 
Observation 3: For mobility considerations, a choice of Δ (measurement period) should be made to trade off the ability to refresh the useful/relevant SS beam table at the end without unnecessary complexity of UE implementations. 
Observation 4: Our results also show that an active beam set of size K = 8 is sufficient to maintain a low failure probability for the active beam set (less than 5%) for Δ = 200 [400] ms. 

Observation 5: Our results show that a choice of Δ = 200 [400] ms is sufficient to ensure that the outage rate is below a 2% threshold for outages declared to be X = 2 dB below the signal detection SINR threshold. LTE uses a choice of Δ = 200 ms and we do not find any justification/evidence to reduce Δ below this number. 
Proposal 4: Δ = 200 ms is used for measurement period. 

3. Proposals
We make the following observations and proposals in this paper:

Observation 1: With the -6 dB detection threshold for the 8 x 4 gNB array, the 50th percentile of the number of SS beams detected is ~6 and the 90th percentile is ~20. 
Observation 2: While these appear to be a large number of beams to monitor/track, with the -6 dB detection threshold, for the 8 x 4 array, the SINR gap between the best SS beam of the serving cell and the 8th best beam in the serving cell is beyond 15 dB and 10 dB at the median level and the 90th percentile, respectively. 

Proposal 1: RAN4 should keep UE complexity in mind when specifying the minimal number of beams to be monitored per frequency layer. 

Proposal 2 (Proposed Requirements):  

· UE shall be able to monitor/detect at least 8 [12] SS beams per frequency layer 
· UE shall be able to monitor/detect at least 3 [4] cells for intra-frequency. 
Proposal 3: Should RAN4 define a maximum number of beams per cell to be measured/reported, this number should be between 6 and 8. 

Observation 3: For mobility considerations, a choice of Δ (measurement period) should be made to trade off the ability to refresh the useful/relevant SS beam table at the end without unnecessary complexity of UE implementations. 
Observation 4: Our results also show that an active beam set of size K = 8 is sufficient to maintain a low failure probability for the active beam set (less than 5%) for Δ = 200 [400] ms. 

Observation 5: Our results show that a choice of Δ = 200 [400] ms is sufficient to ensure that the outage rate is below a 2% threshold for outages declared to be X = 2 dB below the signal detection SINR threshold. LTE uses a choice of Δ = 200 ms and we do not find any justification/evidence to reduce Δ below this number. 

Proposal 4: Δ = 200 ms is used for measurement period. 

4. References 
[1] R4-1707339, “Initial system level simulation results for mmWave,” Qualcomm, RAN4 #84, Berlin, Germany, August 2017. 

[2] R4-1709724, “Further system simulation results for beam management,” Qualcomm, RAN4 AHM #3, Nagoya, Japan, Sept. 18-21, 2017. 

[3] R4-1711405, “Refined system simulation results for beam management,” Qualcomm, RAN4 #84-bis, Dubrovnik, Croatia, Oct. 9-13, 2017. 

[4] R4- 1713192, “Beam management considerations for FR2,” Qualcomm, RAN4 #85, Reno, Nevada, Nov. 27-Dec. 1, 2017. 
[5] R4-1709903, “System level simulation assumptions in NR RRM,” Ericsson, RAN4 AHM #3, Nagoya, Japan, Sept. 18-21, 2017. 

[6] R4-1706902, “System level simulation in NR RRM”, Huawei, HiSilicon, Nokia, Qualcomm, RAN4 NR #2, Qingdao, China, June 27-29, 2017.  
Annex (RRM framework for mobility studies) 
We now develop a simplified beam management procedure as a simulation framework for mobility studies. 
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Figure 1: A simplified beam management framework for RRM. 

For RRM, we consider the scenario where the serving beam is evaluated and compared with a neighbor cell beam more frequently over a measurement period (denoted as Δ) than beam reporting could happen. In particular, Fig. 1 illustrates a simple example of such a procedure where the serving beam is evaluated five times over the measurement period. 

If the SINR of the serving beam drops below an appropriately defined threshold SINR​th, we declare a beam outage and a beam recovery procedure begins immediately. For example, SINRth can be chosen to be X dB worse than the SINR threshold for useful signal detection (denoted as T1 which is typically set to –6 dB). We consider X = 0, 1, 2 and 3 dB as typical choices in this paper. On the other hand, if a non-serving beam of the serving cell or a neighbor cell beam is better than the serving beam by at least Y dB, then the UE reports the RSRP of this better beam to the serving cell/gNB and requests either an intra- or inter-cell beam handover. We use a typical value of Y = 2 dB in this paper. 

The beam switch command from the serving cell/gNB could arrive at the UE with a certain beam switch delay (denoted as δ). Typical values that can be used for the intra- and inter-cell beam switch delays are 1 ms and 10 ms, respectively. Given the finite delay between the UE requesting a beam handover and the beam switch command arriving at the UE, a hypothetical scenario of the SINR of the serving beam dropping below SINRth is resolved at the UE by the UE suspending the beam handover at that point and waiting for the next serving beam evaluation point to trigger a beam recovery procedure. The beam recovery procedure is simplified to switching to the next best beam seen at the previous measurement point with a switching delay of δswitch = 10 ms. 

In terms of the relevant metrics of interest for mobility studies, we propose the following quantities: 

• Outage rate: Corresponding to the fractional outage period, we can also define an outage rate corresponding to the parameter X as the probability of the serving beam at t = 0 is becoming weaker than the outage SINR threshold at t = Δ. Formally, we have 
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In the above expression, we have defined the following events: 

A1(t) = I(Serving beam is better than T1) 

A2(t) = I(Serving beam is worser than SINRth), 

and used I(A) to denote the indicator function corresponding to a certain event A. That is, I(A) = 1 if the event A happens and I(A) = 0 otherwise. 

• Fractional outage period: Since the measurement period Δ has to be chosen so as to minimize the frequency of outages, we are interested in the total time spent in beam outage out of the total simulation time. Equivalently, we can compute the fraction of the measurement period Δ spent in outage. This quantity is formally computed as 
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In terms of general trends, note that if Δ is larger, due to fading, we anticipate that the outage rate increases. We also anticipate that the outage rate generally decreases as X increases since a higher outage threshold needs to be met by the serving beam’s SINR evolution. 

Other metrics such as beam switch failure rate, beam failure rate, handover ping pong rate, etc. can also be reported. These require more careful modeling of the RRM process.
Annex (Simulation assumptions) 
We follow the simulation assumptions listed in [4] for the Urban Macro (UMa) environment at 30 GHz with a 200 m ISD. In these studies, we use a SS block bandwidth of 40 MHz for the DL setting. The maximum allowed EIRP is assumed to be 78 dBm and the transmit power is limited to 43 dBm for the link margin computation. We use Option 2 of 50% for low loss penetration and 50% for high loss penetration model. 

Channel matrices incorporating small-scale fading are generated for each UE drop from different gNBs (which are dropped in a hexagonal 57 sector scenario) following the 5G-CM framework. For the gNB, the baseline configuration of (M,N,P,Mg,Ng) = (4,8,2,1,1) resulting in a 8 x 4 dual-polarized antenna array. For the UE, we assume (M, N, P, Mg, Ng) = (2,2,2,1,2) leading to a 4 x 2 dual-polarized array placed on either side (front and back) of the UE. These two subarrays combine together to provide a spherical coverage. A size 16 analog beam codebook for the gNB and a size 4 UE side codebook for each subarray is assumed as discussed in [4].    
Elemental gain is assumed at the gNB side (8 dBi) and the UE side (5 dBi). In terms of the beam selection process, the channel matrix is generated for each gNB-UE pair, and the appropriate SS beams and UE side beams are incorporated in computing a wideband RSRP. Note that since the beams may not be perfectly aligned to the clusters in the channel, the array gain seen can be significantly different from the peak array gain of 15 dB at the gNB side and/or 9 dB at the UE side. The RSRP corresponding to each SS block beam combination is computed at each UE from all the 57 sectors. The DL SINR corresponding to each SS beam from the SS block is computed using the transmit power, the interference and noise power, and array gain from beamforming over the multi-antenna channel. 
For mobility studies, from [4], we assume that 20% of the UEs are outdoor moving at a speed of v = 30 kmph in some random direction relative to the serving TRP, and 80% of the UEs are indoor moving at a speed of v = 3 kmph in some random directions relative to the serving TRP. Small-scale fading matrices with Doppler are generated for different measurement instances, t = k * Tsamp where k = 0, 1, 2, and so on. In this paper, we use the value of Tsamp = 80 ms given that such a number is practically amenable. In practice, given that the UE has K = 8 beams (4 beams per subarray/panel) to scan per polarization/slant (according to the beam codebook description provided in [4]) and can have a limited number of RF chains/layers over which to scan these 8 beams, beam measurements have to be performed over sub-Tsamp periods (to be specific, over Tsamp/K time-instants). As a typical example, consider the case where the UE has two RF chains/layers to scan over all the gNB’s SS beams with two polarizations/slants and a common UE side beam over these two layers. For the beam codebook in [4], each UE side beam has to be scanned over 10 ms to ensure that Tsamp = 80 ms is guaranteed. Despite this practical complexity, in this paper, we will treat these 8 UE side measurements as one-shot measurements obtained at t = 0, Tsamp, 2 * Tsamp, etc. These one-shot measurements will be used in making subsequent decisions regarding beam failure, outage, initiating neighbour cell beam measurements, etc. 
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