[bookmark: OLE_LINK1]3GPP TSG-RAN WG1 #89AH		R1-1711160
Qingdao, P.R. China, June 27th – 30th, 2017

Source:	Qualcomm
Title:	Beam management for NR  	
Agenda Item:	5.1.2.2.1
Document for:	Discussion and Decision 

Introduction

In this contribution, the following agreements from RAN1-88b and RAN1-90 are touched upon.

R1-1706457	WF on beam measurement RS	Samsung
Agreements:
· For UE RRC connected mode, periodic signal is supported at least for P1 procedure (Tx/Rx beam alignment) using following options in addition to UE-specifically configured CSI-RS. Down selection from following options will be conducted in the next meeting.
· Opt. 1: SS blocks
· Opt. 2: Cell-specifically configured CSI-RS
· Configuration of CSI-RS is obtained from the broadcast message (e.g., MIB, SIB)
· Opt. 3: No additional option

R1-1709774	Potential agreements on beam management	Qualcomm
Agreements:
· The following beam grouping criteria are considered:
· A1 (based on Alt 1): Different TRP TX beams reported for the same group can be received simultaneously at the UE. 
· A2 (based on Alt 2): Different TRP TX beams reported for different groups can be received simultaneously at the UE.
· Down selection of the beam grouping criteria by next meeting
· FFS in addition to the above grouping criteria, the following grouping criteria can be considered
· C1 (in combination with A1): Different TRP TX beams reported for different groups cannot be received simultaneously at the UE.
· C2(in combination with A2): Different TRP TX beams reported for the same group cannot be received simultaneously at the UE.
Agreements:
· For beam management with beam group reporting the following quantities should be considered
· the max number of groups supported in the specification M, 
· the max number of Tx beams per group supported in the specification N
· the number of groups to report L 
· the number of Tx beams per group in the report Q
· FFS: UE-specific configuration of the parameters L, Q incorporating UE-capability information
· L = 1, Q = 1 are supported which implies no impact to reporting and indication overhead
· Companies are encouraged to evaluate performance to determine values of M, N, L, Q for the first release of NR 
· Decide on the values of L, M, N, Q supported by the spec to be able to determine impact on reporting and indication overhead 
 
R1-1706540	WF on Beam-Related Indication   Ericsson, Intel, ZTE
Agreements:
· Aim for low-overhead indication for spatial QCL assumption to assist UE-side beamforming/receiving
FFS details (e.g., tag-based where the tag refers to previous CSI-RS resources, BPL-based, referring to previous measurement reports, indication one resource (set) out of multiple resource (set)s configured by RRC, CSI-RS resource/port index based, etc.)
R1-1709309	WF on beam recovery    ZTE, MediaTek, vivo, Spreadtrum, Qualcomm, ASTRI, AT&T,  OPPO, Ericsson, LGE, Xinwei
Conclusion:
· FFS SS-block in addition to CSI-RS is at least supported for P-1 in beam management 
· FFS with or without L1-RSRP reporting

R1-1706660	WF on beam reporting	CATT, Intel x
Agreements:
· For beam reporting, companies are encouraged to perform detailed analysis w.r.t. comparing Alt 1 and Alt 2, particularly considering the overhead (feedback overhead, signaling overhead, etc.), performance, flexibility in operation, etc.
· Aim to down-select one of the two alternative s with the possibility of merging into a single alternative (if so, the corresponding analysis) at next meeting
· Each company to state the assumed UE implementation in the analysis

Beam related indication
If UE and gNB maintain multiple beam pair links (BPLs), there is a need to indicate them through DCIs, MAC-CEs or RRC signaling. In [2] and [3] BPL tags are suggested, whereby the gNB assigns a tag to a BPL. Thereby the gNB is not aware of the beam the UE uses for the BPL. The tag is therefore independent of the UE-beam of the BPL. The gNB maintains a table that establishes a one to one mapping between the gNB-beam of the BPLs and their tags. So the tag is solely a function of the gNB beam. Figure 1 visualizes two example of BPLs, the associated gNB-beams, UE-beams and the associated tags with a bipartite graph, where the beams are vertices, the BPLs are edges, and the tags are tags of the edges. The example to the left depicts a case where the tag is solely a function of the gNB=beam.   
Some benefits can be reaped by involving the UE in the assignment of the tag to a BPL such that the tag is solely a function of the UE-beam involved (see example to the right in Figure 1). Such a UE-beam based tag occurring in a DCI surely conveys to the UE which beam to use. But such a tagging system also indicates to the gNB, if two or more BPLs are received with the same UE-beam, because such BPLs have the same tag (see gNB beams 3,4 and 5 in Figure 1).. This offers some flexibility to the gNB as it can switch between those BPLs in a UE transparent manner. Another advantage is that the gNB can employ such BPLs for MIMO with transmit diversity. Finally since these BPLs share the same tag, the gNB can maintain more BPLs for beam management for the same tag space. In the example of Figure 1, we need four different tags for the gNB-beam based tagging versus only two tags for the UE-beam based tagging. 


Figure 1: gNB-beam based versus UE-beam based tagging
The following steps illustrate an implementation of the UE-beam based tagging:
1. The gNB maintains/controls a working set of BPLs, which are used by beam management and are therefore tagged. They are depicted as edges in Figure 1. The UE only has knowledge of the tags assigned to the BPLs of the working set and maintains the mapping of the tag to a UE-beam. It does not know whether two or more BPLs are assigned to one tag. The gNB has knowledge of the BPLs of the working set. It maintains for each BPL the associated gNB beam and tag. 
2. The UE reports about gNB beams observed from SS-blocks or CSI-RS symbols. Each entry of the report represents a BPL. The gNB determines if any of the reported BPLs should be added to the working set. If so it sends message to the UE in which it identifies any new BPL by referring to the associated entry of the report. 
3. The UE will assign a tag to each new BPL following the objective of a UE-beam based tagging. UE and gNB now have to perform the bookkeeping related steps involved with adding a new edge in the bipartite graph of Figure 1. If the UE-beam of a new BPL b equals the UE-beam of a BPL b’ from the working set, the new BPL b obtains the tag which was assigned to b’. Conversely, if the UE-beam of b is not used by any BPL of the working set, it is assigned a new tag. The UE may send a message with new tags to the gNB. Note that one can cut down on this messaging, by invoking it only if the UE-beam of any new BPL is already used by a BPL of the working set. This is possible since in the remaining cases all new BPLs will all receive new tags, hence the gNB can compute which tags the UE will assign them by simply mirroring the tag assignment algorithm of the UE. 
4. The size of the working set of BPLs should stay small and therefore from time to time the gNB has to remove a BPL b. This is equivalent of removing an edge in the bipartite graph of Figure 1. The gNB removes BPL b with tag t from the working set by deleting the associated entry in its table. The UE only needs to be notified if it needs to remove the entry related to tag t from its table. Therefore the gNB checks, whether there exists a BPL in the working set which also uses tag t. If so the UE does not need to be notified.  Otherwise the UE needs to be notified and it will remove the associated entries from its table.
5. When the gNB schedules a P2 sweep the DCI will contain the BPL tag and the UE knows which beam to use. After the sweep the UE will indicate the best performing gNB beam, which will be the new gNB beam of the BPL. This equivalent to moving an edge in the bipartite graph of Figure 1 such that only gNB vertex changes. Therefore the BPL tag does not change.
6. When the gNB schedules a P3 sweep for BPL b, the DCI will contain the associated tag t and the UE knows which beam u to use. After the sweep the UE will determine the best UE-beam u’. In terms of the bipartite graph of Figure 1, the edge with tag t is moved such that only the UE vertex changes from u to u’. Then, there are two cases to consider. In the first case the new best UE-beam u’ is also used by another BPL b’. Then BPL b is assigned the tag of b’. For bookkeeping the UE has to remove the entry for tag t but only if tag t is not used by any other BPL. This information has to be provided by the gNB in form of a bit in the DCI. In the second case the new beam u’ is not used by any other BPL. If tag t is not shared by any other BPL then the BPL b can keep its tag t. The UE will modify the table entry for t such that t is associated to u’. If tag t is shared by another BPL, BPL b will have to be assigned a new tag t’’ and a new entry into the UE table has to be created, which maps t’’ to u’. Finally the UE has to send back to the gNB the tag of the refined BPL. 
In summary the UE-beam based BPL tagging requires occasional short messages for three occasions
1. After the gNB adds new BPLs to the working set, the UE may have to send a message indicating the tags assigned to the new BPLs. 
2. After the gNB removes BPLs from the working set, it may have to send a message indicating the tags of the removed BPLs.
3. The DCI for a P3 sweep has to contain a 1-bit field indicating whether refined BPL shares its tag with any other BPL in the working set. Further for a P3 sweep the UE has to message to the gNB the new tag of the refined BPL.
Observation 1: BPL tagging based on UE-beams versus gNB-beams offers benefits similar to those of beam grouping for a modest overhead in signaling. 
Proposal 1: Consider beam indication by way of UE-beam based BPL tagging.

Beam Grouping
In the realm of beam reporting the gNB can configure the UE to indicate which gNB beams it can receive simultaneously.  Two approaches, A1 and A2, have been suggested (see R1-1709774 in section 1). In both, the UE reports groups of beams. In A1 a group contains gNB beams that the UE can receive simultaneously. In A2 a group contains gNB beams that the UE cannot receive simultaneously. But the UE can receive gNB beams from different groups simultaneously.
In the following, both concepts are applied to the UE antenna architectures shown in Figures 2 and 3 below. We assume that two beams are considered to be received simultaneously, if a MIMO multiplexing gain can be achieved, i.e. the waveforms of the two beams can be picked up by two separate TXRUs and fed into the modem. Each of the two beams will be associated with two waveforms transmitted on opposite polarization such that the simultaneous reception enables up to four layer MIMO transmission.
The architectures in Figures 2-3 allow for that if the receiving antenna structures are viewed as panels and each TXRU is viewed as containing two RF chains. Many of the first available MMW UEs will not be able to support 4 layers but rather only 2 layers. To capture a situation like that the receiving antenna structures in Figures 2-3 should be considered subarrays and from each beam only a single polarized component is picked up. Each TXRU consists then of a single RF chain. Two simultaneously received beams allow for a 2 layer spatial MIMO reception. 


Figure 2: Example 1 of an antenna architecture
In the course of normal operation, panels/subarrays of UEs may be blocked by a body part (hand, head …) or they may become temporarily useless due to an unfortunate orientation of the UE. To mitigate those cases a TXRU can be connected through a switch to another subarray/panel as shown in Figure 2 and 3. Due to assumed complexity reasons the switch cannot connect TXRU0 to panel 2 or panel 3. TXRU1 is constrained in a similar fashion. The switches are controlled by the beam management algorithm which is part of the baseband processing block.
Figure 2 assumes that gNB beams  can be picked up with sufficient strength. Following A1, the UE partitions the gNB beams into the following groups:
	Group#
	1
	2
	3
	4
	5
	6

	Group
	
	
	
	
	
	


Table 1: Groups according to A1 for Figure 2
In this example, it is easy to see that condition C1 as introduced in R1-1709774 is violated. C1 stipulates that 2 beams taken from different groups cannot be received together. For example one can take from  from group 1 and  from group 4. If C1 holds and  cannot be received together, but this is contradicted by the existence of group 2.
Note that every gNB beam is member of two groups. Table 2 shows the associated report (assuming that it is legitimate for the UE to report two groups per gNB beam).
	Beam
	
	
	
	
	

	Group#
	
	
	
	
	


Table 2: A1 based report for Figure 2
In Table 2, the entry for beam  is  since this beam is member of group 1 and 2 (see Table 1). 
Upon closer look it turns out that for Figure 2 all groups consist of a first beam that can be picked up by either panel 0 or panel 1 and a second beam that can be picked up by either panel 2 or panel 3. So therefore for the purpose of A2 based reporting one defines the following two groups:
	Group#
	1
	2

	Group
	{,,}
	{}


Table 3: A2 groups for Figure 2
The UE report would convey the following simple table
	Beam
	
	
	
	
	

	AntennaGroup#
	1
	
	
	
	


Table 4: Alt.2 report for Figure 1
It is clear that for the Figure 1, the overhead for A2 is less than the overhead for A1.
The architecture in Figure 3 differs from its counterpart in Figure 2 by the fact that the switches are no longer independent but they are ganged: they are either both in the upper of the lower position. Practically such a constraint may come from the fact that panel 0 and panel 2 are part of one module and panel 1 and panel 3 are part of another module. Ganging the switches makes sure that only one module has be switched on at any given time, which may translate into power savings and the production of less heat. 
Tables 5 and 6 shows the A1 based groups and the associated report for the situation depicted in Figure 3. Also here   is member of two Rx-beam groups.
	Group#
	1
	2
	3

	Group
	
	
	


Table 5: A1 groups for Figure 3
	Beam
	
	
	
	
	

	         Group#
	
	
	
	
	


Table 6: A1 based report for Figure 3



Figure 3: Example 2 of an antenna architecture
For A2 we cannot define groups as outlined in table 3 because  can no longer be simultaneously received with  even though they belonged to different antenna groups. So is it possible to redefine the antenna groups in some appropriate way? It turns out that this is not the case. To prove it, we assume that it is possible to find suitable groups. Then  is in a first group which we enumerate with 1. Now all beams that cannot be simultaneously received with  have to be member of antenna group 1. These are the beams ,  and . The remaining beam  has to be in a different antenna group which we label as 2. According to the rules of A2 any beam of group1 must be simultaneously receivable with any beam of group 2. This is violated because  is not simultaneously receivable with .
Observation 2: While A2 reporting may have little overhead for some antenna architectures, its viability is not guaranteed for all antenna architectures. 
Observation 3: A1 based beam grouping works for all antenna architectures but an exhaustive report might have a high overhead. The condition C1 is not always fulfilled.
The overhead of A1 based reporting can be reduced by forcing the UE to report only the most promising beam groups. Along these lines one can achieve that for a given gNB beam only a single beam group is reported. 
So far a requirement for a simultaneous reception of beams was that they can be mapped to different TXRUs (to achieve a multiplexing gain if used in a MIMO transmission). But there are other important use cases where it is enough that the UE can just receive the beams simultaneously without the need to map them to different TXRUs. The UE can still monitor those beams simultaneously, i.e. the gNB can switch between them without prior notification. The beam pair  and  in figure 1 or 2 fulfills this condition, if the angles of arrival of both beams are not too far apart. Also such beams are appropriate for MIMO with diversity gain. 
Proposal 2: The UE shall report beam groups based on either method, A1 or A2, and indicate whichever method it has chosen. The UE may be provisioned either to report beams it can monitor simultaneously and or beams that are suited for spatial MIMO with multiplexing gain. 
Proposal 3: The size of A1 based reports can be scaled by provisioning the UE to only report about the N best rx-beam groups.

SS and periodic CSI-RS for beam discovery
In the following we discuss the usage of SS-blocks for beam discovery, which the UE conducts during access and as a background task during the connected state. The usage of SS-blocks has the following advantages (see also [1]):
a. SS blocks are always on, the set of involved beams and their sequence does not change over time. This reliability is ideal for any UE - Rx beam search algorithm.
b. Employing SS blocks for a P1/P3 procedure enables early beam reporting after RACH.
c. Using SS blocks for beam management makes more use of this necessary resource. This may help to reduce the air-link resources spent on periodic UE-specific CSI-RS. For example, if SS-blocks are used for discovery of emerging beams, periodic CSI-RS only needs to provide reference beams for (connected) UEs and therefore need not always scan all spatial directions.
d. Once there are connected UEs in the cell or if there are UEs connected to the neighbour cells, the gNB will transmit SS blocks reasonable often even for non-standalone cells. Therefore SS blocks will occur frequently enough to be useful for beam management.

SS-blocks have the following disadvantages:
a. In contrast to CSI-RS, SS-blocks are transmitted only with a single antenna port. So CQI/PMI/RI measurements are not possible.
b. In contrast to CSI-RS, SS-blocks may be transmitted with composite beams and the UE cannot identify the receive power of each individual beam separately. 
Effects of composite beams for SS-blocks on beam discovery
Beam discovery with SS-blocks starts by the UE finding optimal RX-beams for various SS-blocks and then measuring the associated RSRP. The optimal RX-beam and the measured RSRP are influenced by all component beams of the composite beam.
Once the UE has detected and reported a promising SS-block, the gNB may schedule an aperiodic CSI-RS burst during which it will transmit on all component beams such that the UE can identify the best component beam and measure its RSRP. The gNB may provide a P3 procedure for further refinement. 
Two questions come up in this regard:
a. The RX beam that is optimal for the reception of the SS-block is not optimal for receiving the best component beam. There is a bias that causes a loss of RSRP when receiving the best component beam. How big is that loss?
b. How well does the RSRP of the composite beam predict the RSRP of the best component beam when received with its optimal RX beam? 
We have run simulations to answer these questions. The details and results are described in section 5. 
Figure 4 shows the cdf of the RSRP loss due to the bias of the Rx-beam. Its 90 percentile is only 1.2dB.
Figure 5 shows the difference of the RSRPs (expressed in dB) of the composite beam and the best component beam. The RSRP difference is essentially bounded by a window of [-1dB 2dB]. The window size decreases with the number of the component beams. 
Observation 4: For SS-blocks transmitted with composite beams, the RX-beam that is optimal for the SS-block is also a good RX-beam for the best component beam of the SS-block. The RSRP of the SS-block as measured by the UE is a good estimator of the RSRP performance of the best component beam.
Proposal 4: In addition to periodic UE-specific CSI-RS the UE shall use SS-blocks as a basis for P1/P3 procedures. They are well suited for beam discovery during access and in connected state. The UE shall provide beam reports based on both signals.
Reporting for SS-blocks and CSI-RS
Structurally, SS-blocks and CSI-RS bursts are similar from a beam management point of view. They both can be described as being composed of a resource set with several resources. One can view each SS-block as a resource and the entire SS burst set as a resource set. Within the resource, the gNB transmits with a single antenna port. Like for CSI-RS the antenna port is associated with a sweeping beam. 
Based on this common framework, one can define reporting and measurement settings for SS-blocks in the same way as for CSI-RS. This will simplify the NR specifications and the implementation of the measurement and reporting framework in the UE and gNB.
Proposal 5: UE shall report about beams of SS and beam swept CSI-RS in a unified framework.
In RAN1-89, the following conclusion about the use of SS blocks for beam management was reached.

Conclusion:
1. FFS SS-block in addition to CSI-RS is at least supported for P-1 in beam management 
2. FFS with or without L1-RSRP reporting

However, if one were to only consider the use of the existing L3-RSRP reporting (of SS block) mechanism for beam management, the following issues arise.

1. In LTE the RRC measurement reporting can be periodic or aperiodic. With periodic measurement reporting, the minimum interval between periodical reports is 120 ms (see [4]). This duration may be higher than the typical beam coherence duration and the typical time scales of beam management for data and control. Relying on RRC based measurement report can result in frequent beam failure events and may unnecessarily trigger beam failure recovery procedure. 
1. RRC messaged carry headers from RRC, PDCP, RLC, MAC, while the beam measurement report itself may be relatively small. Due to this high overhead, the use of RRC messages for beam management is an inefficient mode of operation. 
1. The turnaround time for RRC message may be slow. When NB receives RRC measurement message it has a certain delay to act upon it (see section 11.2 in [4]). The turnaround time is NB implementation specific and is hard to guarantee. This delay can result in beam switch message failure especially when then channel quality is degrading fast. 

Thus, we propose that a mechanism to report L1-RSRP on the SS-blocks is supported in order to aid beam management.

Proposal 6: A mechanism to report L1-RSRP on the SS-blocks is supported, at least for the case of P1-procedure in beam management.

UE requesting a P3 sweep
After the UE discovers gNB beams from observing either SS-blocks or periodic CSI-RS it may include them in its report to the gNB, before it had a chance to complete its UE-beam search. The gNB cannot know about this and there is no agreed upon way for the UE to signal this to the gNB. Further, if the gNB schedules a P3 sweep it does not know what the appropriate duration of the P3 sweep should be. This depends on factors such as the number of rx-arrays and rx-beams the UE has to search through, the duration for which each rx-beam has to be kept constant to obtain an accurate measurement, the speed by which the UE can change its rx-beams. All these factors are not known to the gNB and therefore the duration of the sweep might be too long or too short. The latter might happen even more likely if P3 is embedded in a P2 sweep. Then the duration of the P3 sweep is often just the duration of a single symbol.
One remedy to this problem is to allow the UE to signal for each gNB a request for a P3 sweep. This request bit can be part of the beam report. If the gNB offers a P3 sweep and it is too short, the UE can signal a continued need for a P3 sweep and the gNb can offer further P3 sweeps.
Observation 5: The need and the required duration for a P3 sweep depends on factors unknown to the gNB. Therefore the scheduled duration of a P3 sweep maybe inadequate.
Proposal 7: Allow the UE to message a request for a P3 procedure for a given gNB beam. Such a message can be part of a beam report.


Beam discovery with periodic CSI-RS with cell specific beam sweep
The periodic CSI-RS serves to discover alternate beams and to measure performance of active beams. The gNB will adapt the set of beams used for the sweep to the loading of the cell. Beams will be added or removed and beams may be remapped to different locations. UEs are not notified about these changes as it would be prohibitively expensive. On the other hand, each UE employs a hierarchical beam search which requires the contents of the CSI-RS beam sweep to remain constant over many sweeps. Potentially up to 12 sweeps are necessary which span a time of at least 60 msec. One could now for example restrict the beam changes to occur only every 6th radio frame at a time that lies between two CSI-RS bursts. Then each UE can conduct its beam search during such a “protection interval” of 60msec. But UE would have to delay the start of a beam search to the start of the next protection interval, which his prohibitively long. A better approach is suggested here. The gNB could inform the UE whenever a beam change has occurred by conveying a change indication bit through the CSI-RS waveform for each beam. The UE could then extract the change indication bit from the observation of its reference beam and use it while it hunts for emerging beams. It continues the search as long as the change indication bit does not indicate a change of the beam set of the CSI-RS beam sweep. If at some point a change is indicated, the UE has to interrupt the search and store the beams found at that point. Since their location in time and frequency might have changed from burst to burst it may have to find the new locations of the beams and continue the search algorithm from there. 
Proposal 8: For a periodic CSI-RS with cell specific beam sweep, the waveform of all beams conveys a bit which indicates (by toggling) whether the set of beams has changed 
[bookmark: _GoBack]Observation 6: Restricting the capability of the gNB to modify the beam set of periodic CSI-RS with cell specific beam sweep improves the performance of the UE hierarchical beam discovery.
Proposal 9: For a periodic CSI-RS with cell specific beam sweep, the gNB shall indicate to the UE so called protection intervals in time during which the beam set of the signal stays constant.

Simulations
In the simulation, we apply CDL-B model defined in 3GPP TR 38.900. The CDL-B model captures a rich-scattering environment that contains a couple of clusters with comparable powers, which can be considered a worst-case scenario for our purpose. The pre-beamforming RMS delay is based on the nominal delay case of 100 ns. Besides, we also randomize the AoA and AoD angles of the clusters by adding random rotation angles to them based on Section 7.7.5.1 in 3GPP TR 38.900. We assume the gNB has 3 sectors each covering 120 degree of angular space; the UE has two antenna arrays one on its front and one on its back side, each covering 180 degree of space. In the simulation, we focus on the gNB sector which excites the strongest cluster and UE antenna array with the larger RSRP.

We simulate the gNB sweeping its composite beam in azimuthal direction only and assume single polarization for simplicity. The gNB employs a 8x1-element linear array with half-wavelength spacing, while the UE has a 4x1-element linear array with the same spacing. We base the codebook for beam sweeping for both gNB and UE on 2xoversampled DFT beams. The gNB covers a 120 degree sector using 15 DFT beams and the UE uses 8 wider DFT beams to cover 180 degree of azimuthal space. 
For the transmission of SS-blocks the gNB uses composite beams consisting of 2 or 4 DFT beams which are maximally separated. It scans the sector using 8 or 4 SS-blocks for 2 or 4 DFT beams, respectively.
The waveforms associated to these beams use the same time-frequency resources and therefore a UE cannot distinguish between the contributions of individual beams. Table 7 summarizes the simulation assumptions.

In the simulation, we let the UE find for the strongest SS-block the best RX-beam () from its codebook and measure the RSRP of the composite beam (). Then we identify the strongest component beam of the SS-block and find the RX beam () that is optimal for its reception.
Now we measure the RSRP of the strongest component beam using  and . We label the respective values with  and .

The difference  represents the bias between the suboptimal beam  and the optimal . Figure 3 shows the cdf of the RSRP loss  due to the RX-beam mismatch. The RSRP loss increases with the number of component beams. With 4 component beams the 90 percentile of the RSRP loss is only 1.2dB, indicating a rather small RX beam mismatch. So often the best Rx beam for the composite beam is also nearly optimal for the strongest component beam.

The cdf of the difference  is plotted in Figure 4. It shows that one can use  as a predictor of . In more than 95% of all cases it lies within a window of .

	Carrier frequency
	30 GHz

	Channel Model
	CDL-B (see 3GPP TR 38.900 V1.0.0 table 7.7.1) with random rotations, i.e., random translation angles defined in 3GPP TR 38.900 V1.0.0 section 7.7.5.1, added to both AoAs and AoDs 

	Pre-beamforming RMS delay spread
	100 ns (the “nominal” delay case)

	gNB antenna array
	8 in horizontal

	UE antenna array 
	4 in horizontal

	Polarization
	Single polarization

	Antenna spacing
	Half-wavelength spacing

	gNB codebook
	15 DFT beams (2xoversampled) covering [-60 deg , 60 deg ] in azimuth

	UE  codebook
	8 DFT beams (2xoversampled) covering [-90 deg, 90 deg] in azimuth

	BS sector
	Focusing on the performance of the 120 degree BS sector that contains the strongest cluster in CDL-B

	BS composite beam forming
	Composite beams are formed by the codebook beams with maximum spatial separation between them

	Number of components of BS composite beam
	2,4


Table 7: Simulation assumptions 
[image: C:\Users\jcezanne\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\RX_power_loss.jpg]
Figure 4. Power loss due to RX beam mismatch
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Figure 5: Difference between RSRPs of the composite beam and strongest component beam

Conclusions

Observation 1: BPL tagging based on UE-beams versus gNB-beams offers benefits similar to those of beam grouping for a modest overhead in signaling. 
Proposal 1: Consider beam indication by way of UE-beam based BPL tagging.
Observation 2: While A2 reporting may have little overhead for some antenna architectures, its viability is not guaranteed for all antenna architectures.
Observation 3: A1 based beam grouping works for all antenna architectures but an exhaustive report might have a high overhead. The condition C1 is not always fulfilled.
Proposal 2: The UE shall report beam groups based on either method, A1 or A2, and indicate whichever method it has chosen. The UE may be provisioned either to report beams it can monitor simultaneously and or beams that are suited for spatial MIMO with multiplexing gain. 
Proposal 3: The size of A1 based reports can be scaled by provisioning the UE to only report about the N best rx-beam groups.
Observation 4: For SS-blocks transmitted with composite beams, the RX-beam that is optimal for the SS-block is also a good RX-beam for the best component beam of the SS-block. The RSRP of the SS-block as measured by the UE is a good estimator of the RSRP performance of the best component beam.
Proposal 4: In addition to periodic UE-specific CSI-RS the UE shall use SS-blocks as a basis for P1/P3 procedures. They are well suited for beam discovery during access and in connected state. The UE shall provide beam reports based on both signals.
Proposal 5: UE shall report about beams of SS and beam swept CSI-RS in a unified framework.
Proposal 6: A mechanism to report L1-RSRP on the SS-blocks is supported, at least for the case of P1-procedure in beam management.
Observation 5: The need and the required duration for a P3 sweep depends on factors unknown to the gNB. Therefore the scheduled duration of a P3 sweep maybe inadequate.
Proposal 7: Allow the UE to message a request for a P3 procedure for a given gNB beam. Such a message can be part of a beam report.
Proposal 8: For a periodic CSI-RS with cell specific beam sweep, the waveform of all beams conveys a bit which indicates (by toggling) whether the set of beams has changed 
Observation 6: Restricting the capability of the gNB to modify the beam set of periodic CSI-RS with cell specific beam sweep improves the performance of the UE hierarchical beam discovery.
Proposal 9: For a periodic CSI-RS with cell specific beam sweep, the gNB shall indicate to the UE so called protection intervals in time during which the beam set of the signal stays constant.
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