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1.  Introduction 

In previous RAN1 meetings, following agreements on beam indication were made [1][2]:

Agreements (RAN1#88):
· For reception of unicast DL data channel, support indication of spatial QCL assumption between DL RS antenna port(s) and DMRS antenna port(s) of DL data channel: Information indicating the RS antenna port(s) is indicated via DCI (downlink grants)

· The information indicates the RS antenna port(s) which is QCL-ed with DMRS antenna port(s) 

· FFS: Indication details

· E.g. explicit indication of RS port/resource ID, or implicitly derived 

· FFS when the indication is applied (e.g., the indication is assumed only for the scheduled PDSCH or until next indication; when the above information is included, if there should be a scheduling/beam switch offset, etc.)

· FFS: Beam indication for receiving fall back unicast PDSCH (if supported)

· Note: related signaling is UE-specific
Agreements (RAN1#88bis):

· 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.)

In previous RAN1 meetings, following agreements on beam reporting were made [1]

 REF _Ref481828322 \r \h 
[2]:
Agreements (RAN1#88):
· Confirm the working assumption on group based beam reporting made in RAN1 Jan. NR Adhoc Meeting, with the following update:
· Further discussion for possible down-selection or merging, especially taking into account overhead

Agreements (RAN1#88):

· NR supports the following beam reporting considering L groups where L>=1 and each group refers to a Rx beam set (Alt1) or a UE antenna group (Alt2) depending on which alternative is adopted. 

· For each group l, UE reports at least the following information:

· Information indicating group at least for some cases

· FFS: condition(s) to omit this parameter e.g. when L=1 or Nl=1

· Measurement quantities for Nl beam (s)

⁞

· Information indicating Nl DL Tx beam(s) when applicable
⁞
In this contribution, we provide our view and analysis on beam indication and beam reporting.
2.  Beam indication
Per RAN1 discussion, a receiving fallback for NR-PDSCH is likely needed. By definition, a fallback beam for NR-PDSCH should be more robust than data channel beam. Since UE may not know when a fallback beam will be used, its receiving method for data channel beam and its corresponding fallback beam is preferably the same from UE perspective. With the observations above, using control channel beam as data channel fallback beam would be a good option as it is sensible to assume a control channel beam with wider angular coverage for robust reason. Apparently, a hierarchical beamforming structure between control and data channel beam is beneficial to assure that a same receiving method at UE side is valid for both of the beams. This is illustrated in Figure 1.
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Figure 1: Illustration of hierarchical structure between control and data channel beam.

Observation 1: Control channel beam can be used as fallback beam of data channel beam if control channel beam and data channel beam fulfil a hierarchical beam relationship.
Proposal 1: Using control channel beam as fallback for data channel beam.
2.1 Implicit indication of data channel beam
With current RAN1 agreement for supporting multiple beam pair links maintenance for NR-PDCCH, explicit beam indication for data channel introduces not only signaling overhead consideration, but also complexity issue for data channel beam training. Intuitively, explicit data channel beam indication provides improved performance as its data channel beam selection does not need to be restricted e.g., in the way as illustrated in Figure 1. However, the actual gain from this needs to be substantial enough in order to surpass the overhead and complexity concerns. 
On the other hand, explicit beam indication may not be needed all the time, if one would like to save beam indication signaling overhead and data channel beam training complexity. In this case, it is beneficial to consider hierarchical structure (Figure 1) as a default relationship between control and data channel beam. In addition to saving beam indication signaling, candidate data channel beam search space is also reduced by the hierarchical relationship, as illustrated in Figure 2. It is noted that such hierarchical relationship is also aligned with DL beam management P-1/P-2 procedures.
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Figure 2: Illustration of candidate data channel beam search space constrained by hierarchical relationship with control channel beam.
For its simplicity, the price to pay for this default relationship between control and data channel beam is performance. Since beam sweeping is not performed among all possible candidate data channel beams and UE beams, the example provides suboptimal results. However, considering signaling and beam training overhead reduction, we think it is a good tradeoff. Besides, the more the overhead is, it is likely to take more time for training, and thus longer latency. This scheme should be considered as baseline scheme for data channel beam reception. Explicit data channel beam indication is optionally configured when deemed beneficial.
Observation 2: Explicit data channel beam indication is not needed if control and data channel beams are constrained to follow a hierarchical beamforming structure. The hierarchical beamforming structure assumption achieves reduced signaling and reduced candidate data channel beam search overhead.
Proposal 2: A default configuration of data channel beam indication assumes reusing control channel beam indication information. Explicit data channel beam indication is additionally configured by NW when deemed beneficial.
It is noted that to allow such implicit data channel beam indication with the above-mentioned default configuration, one needs a beam pair link definition that does not distinguish control channel beam and data channel beam when UE receiving method is the same for both of them.
Proposal 3: A beam pair link definition that does not distinguish control channel beam and data channel beam when UE receiving method is the same for both of them is adopted.
2.2 Performance evaluation
In this section, we evaluate the performance degradation due to implicit data channel beam indication discussed in previous section. For evaluation, 3D UMi-street canyon channel model [3] is used. We assume a 30 GHz hexagonal network with ISD=200 meters. UE is uniformly dropped within the NW. Beam formation is based on 4x16 UPA at gNB side and based on 1x4 ULA at UE side. A hierarchical beam set is assumed at NW side. In the first level of beams, 8 beams with coarser beam resolution is assumed whereas in the second level of beams, individual level-1 beams are mapped to 8 level-2 beams. At UE side, 4 beams in one single level is assumed. Selected parameters are summarized in Table 1.

	Parameters
	Value

	Carrier Frequency
	30 GHz 

	Subcarrier Spacing
	60 kHz

	Bandwidth
	40 MHz

	ISD
	200 meter (UMi-Street Canyon)

	BS Antenna Array
	(M,N,P) = (4,16,1) 

	UE Antenna Array
	(M,N,P)  = (1,4,1) 

	UE Speed
	3 km/hr

	Beamforming Assumptions
	· NW: 8 level-1 beams and 64 level-2 beams in hierarchical manner

· UE: 4 beams in single level


Table 1: Evaluation assumptions
For explicit beam indication, we assume that an exhaustive search between NW level-2 beams and UE beams can be done whenever needed. It means that an optimal beam pair link can be established between NW level-2 beam and UE beam at the moment of beam search based on the specified metric. For implicit beam indication, a hierarchical search on NW beams for matching UE beams is used, as discussed in previous section. Specifically, as first step an exhaustive search is performed between NW level-1 beam and UE beams to decide a preliminary beam pair link, which can be assumed used for control channel transmission. Based on the preliminary beam pair link, a second search step would search over 8 NW level-2 beams corresponding to the selected preliminary NW level-1 beam for deciding a NW level-2 beam for data channel transmission. During the second search step, UE beam is not changed anymore. Note that while we do not present detailed analysis of reduced signal and beam training overhead reduction, we would like to point out that that a first order RSRP measurement attempts estimation for exhaustive search is 64*4 = 256 and that for hierarchical search is 8*4+8=40. It is also noted that in practice, exhaustive search in NW level-2 beams is not likely in practice due to overhead concern. Thus, the results for explicit beam indication here is an upper limit for realistic case. The actual performance gap between explicit and implicit beam indication can be smaller.
In the simulation, we assume that beam training is conducted every 10 TTIs with 5 TTI application delay. Beam search latency is not considered. RSRP is used as beam selection metric. We make sure that scheduled UEs are the same (in terms of channels, positions, etc.) in explicit beam indication case and in implicit beam indication case to make their results comparable. Since we do not intend to model beam tracking, we set mobility to 3 km/hr and simulate for a short time only. The results are collected from many simulation runs.

Figure 3 shows CDF curve of RSRP difference of exhaustive search (explicit beam indication) over hierarchical search (implicit beam indication). Since RSRP is used as the metric for beam selection, exhaustive search outperforms hierarchical search in this respect as it is optimal approach. However, it is noted that hierarchical search provides RSRP results within 1dB difference for more than 90% cases, and within 3dB difference for ~98% cases.

Observation 3: in most of the cases, hierarchical search (implicit beam indication) provides similar beam selection results as exhaustive search (explicit beam indication).
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Figure 3: RSRP difference (exhaustive search over hierarchical search)
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Figure 4: Spectral efficiency difference (exhaustive search over hierarchical search)

Figure 4 shows the CDF of per-transmission spectral efficiency difference of exhaustive search (explicit beam indication) over hierarchical search (implicit beam indication). In general, while exhaustive search results in better spectral efficiency more often, there are substantial cases that hierarchical can turn out to provide better spectral efficiency for a specific transmission. This is likely the result that beam selection does not take interference into account. In terms of overall NW performance between exhaustive search and hierarchical search, our results show that there is less than 5% degradation for using hierarchical search. The performance degradation due to implicit beam indication is not substantial. In most of the cases, implicit beam indication provides similar performance as explicit beam indication for data channel beam.

Observation 4: Compared with explicit beam indication, implicit beam indication for data channel beam results in only small NW throughput degradation.
Proposal 4: Adopting implicit data channel beam indication as default configuration results in only acceptable performance degradation.
3.  Beam Reporting
Group-based reporting has been agreed based on UE RX beam set or on UE antenna group. Information for indicating groups is included at least for some cases. In this section, we provide our view on how group identifiers can be reported efficiently as well as some analysis on the two reporting alternatives.
3.1 Implicit group identifier indication

The agreement made in RAN1#88 allows individual beam groups to include different number of beams. This requires separate configuration on the number of beams for each group, i.e., Nl. The gain from the flexibility is not clear, let alone additional configuration signalling overhead. Thus, it is beneficial to consider a common configuration for the number of beams for every beam group. With the assumption, reporting format can be made efficient by avoiding explicit identifier indication. Since the number of beams in each group is fixed, implicit grouping can be achieved by grouping the reported beams in a sequential order. As illustrated in Figure 5, if Nl = k, implicit grouping can be achieved by taking the first k beams as 1st group, #k+1~#2k beams as 2nd group, and so on.
Proposal 5: Adopt implicit group identifier reporting when the configured number of beams are the same in every groups. Implicit grouping is achieved by grouping the reported beams in a sequential order.
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Figure 5: Illustration of implicit group identifier indication by grouping the reported beams sequentially.
3.2 Analysis on group-based reporting

Fundamentally, the two alternatives provide information from different perspectives. For UE RX beam set based reporting, the report is based on UE’s preference and such report does not consider NW’s capability. In fact, it is unlikely to take NW’s capability into account unless additional information or assumption is provided or made by NW. On the other hand, for antenna group based reporting, the report aims to provide maximum flexibility to NW by providing UE’s observation on NW TX beams, and UE’s preference is considered in the report only in terms of its receiving capability, i.e., which TX beams cannot be received simultaneously. The two considered candidates for group-based reporting have their pro-and-cons respectively. A comparison is provided below:
· Beam grouping based on UE RX beam set: beams in a group can be received simultaneously by UE

· Pros:

· Reported beam group reflects UE’s preference on NW TX beams.

· The number of groups is not limited to UE receiving capability, i.e., antenna groups.

· Cons:

· Reported beam set group may not be realizable by NW, e.g., beams in a group may come from same NW panel.

· To achieve same flexibility of beam combinations at NW side, more overhead is needed than antenna group based reporting

· Beam grouping based on UE antenna group: beams in different groups can be received simultaneously by UE

· Pros:

· NW can select TX beams to serve UE based on UE’s report and NW capability

· To achieve same flexibility of beam combinations at NW side, less overhead is needed than beam set based reporting

· Cons:

· Reported beam group does not directly reflect UE’s preference on NW TX beams.

· The number of groups is limited to UE receiving capability, i.e., antenna groups.

In the attempt to merge the two alternatives, we consider reducing the information gap provided by the two alternatives as an essential step. In fact, it is possible to implicitly provide more information for both of the two alternatives without introducing additional overhead. 
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Figure 6: Illustration of inserting antenna group information in RX beam set based reporting.

For RX beam set reporting, additional information can be inserted by constraining how individual beams in a beam group is ordered. Specifically, the ordering can be based on which antenna group a considered beam is received. For example, in Figure 6, each group corresponds to a UE beam set and beams in a group can be received simultaneously by UE. To encode antenna group information inside, one can additionally constrain that the first beam in each group corresponds to a first antenna group, and the second beam in each group corresponds to a second antenna group, and so on. 
While this allows additional information to be delivered, it has limitations: when the number of beams in each group is not equal to UE capability, such implicit indication cannot be straightforwardly enforced. In Figure 6, if UE can actually receive 3 beams simultaneously, it is not sensible to restrict all groups to select beams from only a same subset of antenna groups just to provide such implicit indication. One additional observation is that, when there is repeated beam in different groups, the reported measurement quantity repeats as well. Reducing such redundant information is desirable for beam set based reporting.
Observation 5: When the number of beams in each group is the same as UE receiving capability in beam set based reporting, antenna group information of individual beams can be inserted implicitly in the report without increasing overhead.
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Figure 7: Illustration of inserting beam set information in UE antenna group based reporting.
For UE antenna group based reporting, additional information on at least one preferred beam set can be inserted by requiring how individual beams in a beam group is placed. Specifically, the beams from a preferred beam set is placed in the same relative position within each antenna group. For example, in Figure 7, each group corresponds to a UE antenna group and beams in different groups can be received simultaneously by UE. To encode beam sets information inside, one can additionally constrain that the first beam in each group corresponds to beams in a first preferred beam set, and the second beam in each group corresponds to beams in another preferred beam set, and so on. 

While this allows additional information to be delivered, its limitation is obvious: except for the first preferred beam set, other beam sets cannot be guaranteed. In Figure 6, the second preferred beam set is beam #1+#7. However, this cannot be possible in antenna group based reporting. As shown in Figure 7, another beam set is signalled instead, i.e., beam #3+#7. Despite of this, such additional information on preferred beam sets can always be inserted in the antenna group based reporting and NW can still choose its preference if the additionally indicated beam set cannot be realized by NW. Note that there are cases when the number of beams in a preferred beam set is less than UE capability. To provide such information to NW, UE can associate this method with rank indication reporting. By using rank indication as a guidance, NW can learn the number of members of a UE’s preferred beam set.
Observation 6: At least the most preferred beam set information can be inserted implicitly in the antenna group based report without increasing overhead.

Proposal 6: Antenna group based reporting can provide information on at least the most preferred beam set implicitly without introducing additional overhead.
4. Conclusion

In summary, based on the above discussion we have the following observations and proposals for NR beam indication:
Observation 1: Control channel beam can be used as fallback beam of data channel beam if control channel beam and data channel beam fulfil a hierarchical beam relationship.
Proposal 1: Using control channel beam as fallback for data channel beam.
Observation 2: Explicit data channel beam indication is not needed if control and data channel beams are constrained to follow a hierarchical beamforming structure. The hierarchical beamforming structure assumption achieves reduced signaling and reduced candidate data channel beam search overhead.
Proposal 2: A default configuration of data channel beam indication assumes reusing control channel beam indication information. Explicit data channel beam indication is additionally configured by NW when deemed beneficial.
Proposal 3: A beam pair link definition that does not distinguish control channel beam and data channel beam when UE receiving method is the same for both of them is adopted.
Observation 3: in most of the cases, hierarchical search (implicit beam indication) provides similar beam selection results as exhaustive search (explicit beam indication).
Observation 4: Compared with explicit beam indication, implicit beam indication for data channel beam results in only small NW throughput degradation.
Proposal 4: Adopting implicit data channel beam indication as default configuration results in only acceptable performance degradation.
We also make the following observations and proposals for beam reporting:
Proposal 5: Adopt implicit group identifier reporting when the configured number of beams are the same in every groups. Implicit grouping is achieved by grouping the reported beams in a sequential order.
Observation 5: When the number of beams in each group is the same as UE receiving capability in beam set based reporting, antenna group information of individual beams can be inserted implicitly in the report without increasing overhead.
Observation 6: At least the most preferred beam set information can be inserted implicitly in the antenna group based report without increasing overhead.
Proposal 6: Antenna group based reporting can provide information on at least the most preferred beam set implicitly without introducing additional overhead.
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