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1.  Introduction 

In this contribution, we provide our view and analysis on beam management related issues including beam indication and UL beam management.
2.  Beam Indication Mechanism

In RAN1 #90, following agreements related to beam indication are made:

Agreements:
· For the purposes of beam indication for at least NR unicast PDSCH, support an N-bit indicator field in DCI which provides a reference to a DL RS which is spatially QCL’d with at least one PDSCH DMRS port group

· An indicator state is associated with at least one index of a DL RS (e.g., CRI, SSB Index) where each index of downlink RS can be associated with a given DL RS type,  e.g., aperiodic CSI-RS, periodic CSI-RS, semi-persistent CSI-RS, or SSB, 

· Note: L1-RSRP reporting on SSB is not yet agreed

· Note: One possibility to determine DL CSI-RS type is through the resource setting ID, other options are not precluded

· The value of N is FFS, but is at most [3] bits

· FFS: The case of more than one DMRS port group

· FFS: Whether or not to indicate more than one beam indicator, NR strive to minimize the indicator overhead 

· FFS: Signalling mechanism for the association of a DL RS index (e.g., CRI, SSB index) to an indicator state, e.g., 

· The association is explicitly signaled to the UE

· The association is implicitly determined by the UE

· Combination of the above is not precluded
· FFS: An indicator state may or may not also include other parameter(s), e.g., for PDSCH to RE mapping purposes analogous to PQI in LTE, other QCL parameters

· FFS: Whether or not an indicator state may be associated with more than one DL RS index

· FFS: PDCCH beam indication may or may not be based on the beam indication states for PDSCH
Agreements:
· In RRC CONNECTED mode, 

· RRC only or RRC+ MAC CE signaling is used to indicate QCL relation (at least w.r.t spatial RX parameters) between DMRS port(s) of UE-specific PDCCH and either SS Block or P/SP CSI-RS resource(s)

· FFS: necessity of DCI signalling

· FFS: Use of Aperiodic CSI-RS 

· FFS: RAN1 to study impact of delay (including determination of Rx beam) and reliability on the beam mgmt scenarios aiming to provide input to RAN2 with regard to higher layer protocols
Agreements:
· Support L1-RSRP reporting of measurements on SS block for beam management procedures

· The following configurations for L1-RSRP reporting for beam management are supported 

· SS block only (with mandatory support by UE)

· CSI-RS only (with mandatory support by UE)

· SS block + CSI-RS independent L1 RSRP reporting

· Joint L1-RSRP using QCL-ed SS-block + CSI-RS is optionally supported by UE (with optionally support by UE)

Beam management procedure under discussion include P-1/P-2/P-3 procedures. Functionality-wise, P-1 provides opportunities for exhaustive search between TRP beams and UE beams so that strong beam pair links can be identified efficiently, and P-2/P-3 provides beam refinement opportunities at TRP-side and UE-side, respectively, based on P-1 results. P-1/P-2/P-3 can also imply different UE Rx beam sweeping behavior. While both P-1 and P-3 procedures require UE beam sweeping on different Rx beams, P-1 procedure needs periodic RS in order to guarantee new beam pair link detection during e.g., mobility scenarios. 
2.1 Anchor Beam Indication Index on P-1 RS

Hierarchical beam search is key factor to keep beam management overhead small. To achieve this, leveraging different functionality of P-1/P-2/P-3 procedures is essential. To efficiently index strong beam pair link and update it, an appropriate approach is to anchor such indexing operation on P-1 procedure. After P-1 related reporting, TRP can index meaningful (e.g., strongest ones) beam pair links with another set of low-overhead index (e.g., a shorter bit string). The low-overhead index is signalled to UE and based on which, UE can establish its own mapping between the low-overhead index and its UE Rx beam. Figure 1 illustrates the beam indexing maintenance by anchoring on P-1 RS. It is noted that the low-overhead indexing is updated only when it is necessary. For example, when there is change on the indexing due to emerging strong beam pair link. Besides, the discussion here does not make assumption on the type of P-1 RS. It can be either SS-block or periodic CSI-RS as long as it fulfils the needs.
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Figure 1: Illustration of beam indication indexing maintenance.

Proposal 1: Low-overhead indexing is anchored on P-1 related measurements and reports.

Proposal 2: Association between low-overhead indices and a P-1 DL RS indices is explicitly signalled to UE.
2.2 Associating P-2/P-3 Procedures with Beam Indication Index

With low-overhead indices established for beam indication, subsequent beam refinement in aperiodic P-2/P-3 RS can be associated with the low-overhead indices for UE to determine which UE Rx beam should be used for beam refinement. Essentially, for P-2/P-3 configuration or triggering, a low-overhead index is attached for UE to decide how to associate the corresponding measurements with its Rx beams. During a P-2 procedure as illustrated in Figure 2, the attached low-overhead index provides UE with information on which UE Rx beam should be used for corresponding measurements. The hierarchical structure of the associated P-2 beams and corresponding P-1 beam is shown as well for justifying sanity. Similar approach can be taken for P-3 procedure for UE-side beam refinement. It is noted that while in P-3 procedure, UE Rx beams for sweeping is selected by UE, providing low-overhead index for TRP P-3 beam would allow UE to select meaningful Rx beams for measurements, rather than selecting Rx beams randomly. This is beneficial when e.g., multiple beam pair links are being maintained. 
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Figure 2: Illustration of P-2 operation with low-overhead index for UE Rx beam determination.

Proposal 3: for beam refinement related to P-2 and P-3 procedures, a corresponding low-overhead index is signalled together with P-2/P-3 measurement trigger for assisting UE Rx beam determination.

It is noted that the mechanism described above is robust in sense that a missing measurement report does not destroy the common understanding of the low-overhead indices between TRP and UE, since a change in indexing needs to be explicitly signalled by TRP. For robustness purpose, this signalling can be carried in higher layer rather than DCI. Besides, the established low-overhead indexing can be used for indication of control channel beam(s) and data channel beam(s).
2.3 Indication for NR-PDCCH

With current RAN1 agreements, indication of at least spatial QCL relation between DMRS port(s) of UE-specific PDCCH and either SS-Block or P/SP CSI-RS resource(s) is supported. An open question still under discussion is that whether aperiodic CSI-RS resource(s) should be taken into consideration.
For PDCCH quality monitoring, periodic estimation on PDCCH quality is required. However, direct measurement on PDCCH is usually not adopted. Instead, measurement on periodic RS which is spatially QCLed to DMRS port(s) of PDCCH is becoming a common practice for PDCCH quality estimation. The use of periodic RS ensures certain amount of measurement opportunities within a certain period of time, which serves as an appropriate characteristic for quality monitoring. Therefore, the use of aperiodic CSI-RS should not be taken into account.
Proposal 4: DMRS port(s) of UE-specific PDCCH is not spatially QCL’ed with aperiodic CSI-RS resource(s).
2.4 Fallback Mode and Implicit Indication for NR-PDSCH
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 3.
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Figure 3: Illustration of hierarchical structure between control and data channel beam.

Proposal 5: UE assumes control channel beam as fallback for data channel beam.

To support 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 3. 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, e.g., when 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 3) 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. Such hierarchical relationship is aligned with the proposed DL beam indication mechanism as illustrated in Figure 2.

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. As already shown in our previous contribution [5], the performance degradation is small. 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 1: 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 6: 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.

For content of beam indication, i.e. beam indication state or low-overhead index, overhead is the key design factor. In RAN1 #90, it is agreed to have maximum 3-bit indicator in DCI for PDSCH beam indication. This agreement aims at reducing overhead by limiting the size of a single indicator. On the other hand, from perspective of reducing overall beam indication overhead, a unified association between low-overhead indices and DL RS indices for both PDCCH and PDSCH is sensible. For example, as illustrated in Figure 3, when relationship between control and data channel beam follows hierarchical structure, reusing low-overhead index of control channel to indicate the same RX spatial characteristic for data channel is reasonable and cost-effective.
Proposal 7: The same association between low-overhead indices and DL RS indices is shared by both NR-PDCCH and NR-PDSCH.
3. UL Beam Management Procedures

In previous RA1 meetings, following agreements related to UL beam management are made:

Agreements:
· Support capability indication of UE beam correspondence related information to TRP

· FFS details including capability definition,  case(s) (if any) when the indication is not necessary
Agreements:
· NR does not support to report UE capability of beam correspondence during RACH procedure.
· Note that UE capability of beam correspondence is reported after RACH procedure
Agreements:
· When UE beam correspondence is not hold, 

· NR supports a UL RS indication for a configured SRS resource, where UE transmits the SRS using the beam used for transmitting the indicated UL RS

· The UL RS indication can be SRI (SRS resource indicator), at least

· FFS: The indication via MAC CE and/or DCI

Agreements:
· When UE beam correspondence holds,

· NR supports the indication for a configured SRS resource, where the transmission of the SRS resource is performed with the same spatial filtering as the one used for the reception of the indicated DL RS

· The indication can be based on CSI-RS resource, 

· FFS: signaling details (e.g., a low overhead mechanism, reciprocal QCL (if supported))
· FFS: The indication via MAC CE and/or DCI

· NR supports a UL RS indication for a configured SRS resource, where UE transmits the SRS using the beam used for transmitting the indicated UL RS

· The UL RS indication can be SRI (SRS resource indicator), at least

· FFS: The indication via MAC CE and/or DCI

Agreements:

· Support UE to provide information to gNB to assist UL beam management

· The information can be a number representing the amount of SRS resources required for UE Tx beam training

· FFS the supported number(s), taking into account performance and implementation complexity aspects

· Note: these set of SRS resources are associated with a set of Tx beams

· FFS: signaling method

· E.g., capability signaling, or msg3, or dynamic signalling

· FFS: impact of multi-panel 

· FFS: if to support the antenna structure with both omni-directional antenna panel and directional antenna panel, whether or not there is any additional impact

UL beam management procedure is required at least when UE has simply partial beam correspondence or even no beam correspondence. Based on previous discussions, 3 kinds of UL beam management procedures are considered: U-1, U-2, and U-3 procedures. In all of them, multiple UL transmission opportunities are provided for UE to transmit based on a beam sweeping pattern. For U-1 and U-3 procedures, multiple UL RS resources (e.g., SRS resources) are transmitted by sweeping through a set of UE Tx beams so that TRP can measure beamformed channel quality corresponding to different UE Tx beams. For U-2, multiple UL RS resources are transmitted by a fixed UE Tx beam so that TRP can decide a proper Rx beam for UL transmission. Especially, the main difference between U-1 and U-3 procedures can be treated as that U-1 considers a joint beam search between UE Tx beams and TRP Rx beams, and the angular coverage of beam search is wider, whereas U-3 procedure considers only local search (narrower angular coverage) on UE Tx beams with a fixed TRP Rx beam.

Observation 2: UE beam sweeping pattern is different for U-1/U-2/U-3 procedures, and the information is needed for UE to adapt its beam sweeping pattern.
In our understanding, UE beam correspondence exists but could be imperfect [5]. That is to say, UE Tx beams and Rx beams are correlated. When a Tx beam which is configured with same beamforming weight with a UE Rx beam, a correspondingly best Tx beams would lie in the neighborhood of the Tx beam. In this sense, conditioned on DL beam management results, UL beam management overhead can be reduced instead of starting beam search from scratch. Specifically, the amount of UE Tx beams to be trained during U-3 procedure can be narrowed down to the neighborhood of a corresponding DL beam pair link, as illustrated in Figure 4.

Observation 3: Correlation between a selected UE Rx beam from DL beam management and its corresponding Tx beam should be utilized to benefit UL beam management overhead in imperfect beam correspondence case.
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Figure 4: UL local beam search conditioned on DL beam management results
By anchoring beam management on DL and treating UL beam management as a supplemental procedure, apparently, U-1 procedure is not necessarily needed. U-2 and U-3 procedures alone can serve the purpose e.g., triggered by turns, not to mention that such model reduces training overhead which is not avoidable in U-1 procedure. From UE perspective, U-2 and U-3 needs to be differentiable in order to determine Tx beam sweeping pattern (swept Tx beams or same Tx beam), even when UE Tx beam is not indicated by NW. This can be achieved during RRC resource configuration where U-2 and U-3 resources are configured as different sets, or in DCI if triggered aperiodically. Considering that the resource amount needed for U-2 and U-3 may be different due to different capability in TRP/UE sides, carrying the information in RRC resource configuration is slightly preferred. In addition to beam sweeping pattern, UE Tx beam indication (via CRI or SRI) may be needed. In fact, the Tx beam indication signalling can be given during transmission trigger, but not necessary together with beam sweeping pattern configuration

Observation 4: U-2 and U-3 procedures are enough for UL beam management, by leveraging the correlation between UE Rx beam pattern and UE Tx beam pattern when beam correspondence does not hold.
Proposal 8: UE beam sweeping pattern type (swept Tx beams or same Tx beam) is provided to UE, e.g., via RRC signalling.

To let NW able to configure SRS resources for UL beam management precisely and efficiently, assistant information from UE with certain update period is needed. At UE side, useful assistant information includes beam correspondence status and additional information such as number of required SRS resources for UL TX beam training. It is agreed that both beam correspondence status and additional assistant information are provided by UE to NW according to current progress.
Beam correspondence status describes a UE’s capability of fulfilling requirement of beam correspondence. Once a UE claims beam correspondence, it is likely no UL beam management procedure will be triggered, the UL beam selection for this UE is based on result of DL beam management. On the other hand, for UEs without beam correspondence, i.e. partial or non-correspondence, UL beam management is triggered and assistant information is further utilized for better efficiency. As an indicator of capability, beam correspondence status can be carried in capability report with the size of 1 bit.
Proposal 9:  UE provides capability information on its beam correspondence to assist UL beam management. The beam correspondence status can be a 1 bit field in the capability report.
For assistant information which aims at reducing overhead of UL beam management, number of required SRS resources for UL TX beam training is a proper candidate. Number of required SRS resources can be determined based on level of uncertainty on beam correspondence at UE side. 
However, this number may not be a fixed value. For UEs equipped with multiple panels, the capability of individual panels can be different. The required SRS resources for UL TX beam training would then be different for different panels. It is also possible that UE implements hierarchical beam forming structure in order to adapt to different environments better. Another example that UE may needs to adapt UL TX beam training overhead is after detecting malfunctioning of e.g., one antenna element. Since the effect on realized array pattern is not predictable, more UL training overhead is needed. For such reasons, more updates in CONNECTED mode is needed. The assistant information should be signalled to NW at least semi-statically, through RRC message or MAC CE signaling.
Proposal 10: Number of required SRS resources for UL TX beam training is provided to NW at least in a semi-static manner, via either RRC message or MAC CE signaling.
4. Conclusion

In summary, based on the above discussion we have the following observations and proposals:
Observation 1: 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.
Observation 2: UE beam sweeping pattern is different for U-1/U-2/U-3 procedures, and the information is needed for UE to adapt its beam sweeping pattern.
Observation 3: Correlation between a selected UE Rx beam from DL beam management and its corresponding Tx beam should be utilized to benefit UL beam management overhead in imperfect beam correspondence case.
Observation 4: U-2 and U-3 procedures are enough for UL beam management, by leveraging the correlation between UE Rx beam pattern and UE Tx beam pattern when beam correspondence does not hold.
Proposal 1: Low-overhead indexing is anchored on P-1 related measurements and reports.
Proposal 2: Association between low-overhead indices and a P-1 DL RS indices is explicitly signalled to UE.
Proposal 3: for beam refinement related to P-2 and P-3 procedures, a corresponding low-overhead index is signalled together with P-2/P-3 measurement trigger for assisting UE Rx beam determination.
Proposal 4: DMRS port(s) of UE-specific PDCCH is not spatially QCL’ed with aperiodic CSI-RS resource(s).
Proposal 5: UE assumes control channel beam as fallback for data channel beam.
Proposal 6: 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 7: The same association between low-overhead indices and DL RS indices is shared by both NR-PDCCH and NR-PDSCH.
Proposal 8: UE beam sweeping pattern type (swept Tx beams or same Tx beam) is provided to UE, e.g., via RRC signalling.
Proposal 9:  UE provides capability information on its beam correspondence to assist UL beam management. The beam correspondence status can be a 1 bit field in the capability report.
Proposal 10: Number of required SRS resources for UL TX beam training is provided to NW at least in a semi-static manner, via either RRC message or MAC CE signaling.
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