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1 Introduction

The following were agreed in RAN1-87 [1], RAN1-88bis [2] and RAN1-89 [3] and RAN1 NR AH2 [4]:
	Agreements:

· NR supports CSI-RS configuration to support Tx and/or Rx beam sweeping for beam management conveying at least the following information

· Information related to CSI-RS resource configuration

· E.g., CSI-RS RE pattern, number of CSI-RS antenna ports, CSI-RS periodicity (if applicable) etc.

· Information related to number of CSI-RS resources 

· Information related to number of time-domain repetitions (if any) associated with each CSI-RS resource

· FFS: details of time-domain repetitions, e.g., signaling for time-domain repetitions may not be explicit

· FFS signaling details, e.g., explicit indication vs implicit indication

· Note this does not imply particular option (IFDMA or subcarrier scaling or DFT based) for sub time unit partition 

· FFS: whether different sub-time units have same or different ports
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:

· […]
· Study L1-RSRP reporting of multiple beams considering

· Differential L1-RSRP for multiple beams

· Reference RSRP for L1-RSRP differential report, e.g., predefined or configurable

· Bit-width of reporting, 

· Number of groups/beams per group 

· UCI design of the beam reporting, 

· FFS: Other issues




In this contribution, we discuss principles of designing CSI reference signals and procedures for beam management.
2 Discussion
For purposes of beam management, the network needs to communicate CSI-RS configurations to UEs. A CSI-RS configuration may be UE-specific or UE-group-specific. For example, in a hierarchical beam training process, a group of CSI-RS resources may be configured for a group of UEs while a second group of CSI-RS resources may then be configured for specific UEs within a UE group.
Once a UE is informed of CSI-RS transmissions for beamforming training from a TRP (or a group of TRPs), it listens through received beams as the configuration has determined. For example, as shown in Figure 1, during a P2 process, the UE fixes its receive beam while the TRP sweeps over transmit beams.
[image: image1.emf] 

Beamformed 

CSI-RS

Beamformed 

CSI-RS

Listening 

beams


Figure 1. Beam training through CSI-RS
The general approach thus far in RAN1 discussions on beam reporting has been to report the beams that result in the best beam quality with some criteria, for example, high RSRP. This approach essentially aims at providing the best rank-1 channel at the baseband. Consider the illustrative example of Figure 2 where antennas of a 2×2 downlink MIMO system can apply transmit/receive analog beams to/from different directions. In this example, as shown in the figure on the left, selecting the best beam pairs between two pair of Tx/Rx antennas are LOS beam pairs that result in strong baseband channels suitable for rank-1 communications. However, because of the strong interference between the antenna pairs when adopting the selected LOS analog beams, the resulting baseband channel is rank-deficient and is not suitable for rank-2 communications. The figure on the right, however, shows an example where the best beam pair between a pair of Tx/Rx antennas is compromised so that, although the selected beam pair does not provide the highest RSRP, it results in a better baseband channel for rank-2 communications.
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Figure 2. (Left) beam pairs suitable for rank-1 transmissions; (Right) beam pairs suitable for grouping for rank-2 multiplexing.

The above example shows that beam selection based on optimizing beam pairs between each pair of antennas separately is not an efficient approach for baseband MIMO spatial multiplexing modes. Even in the case that the selected beams are refined in later stages, for example, at the stage of CSI measurement and reporting, the initial beam pairs may be far from beam pairs that provide efficient high-rank channels. The result will be that refining the initial beams will be either impossible or costly in terms of the resources required for beam refinement reference signals. Note that this issue becomes more complicated and results in a more prohibitive trade-off for a larger number of antennas and/or at richer scattering environments.
Based on the above discussion, in order to prepare beam and CSI reports, the UE needs to compute the effective MIMO channel at the baseband for different combinations of beam pairs from/to multiple antenna ports. The beam and CSI reports will then be used by the TRP/network to apply hybrid analog/digital precoding for downlink transmissions to the UE.

There are multiple options for computing and reporting beam information and CSI:

· Alt. 1: One approach is for the UE to select and report one or multiple best beams from each CSI-RS port in the form of CRI and RSRP-like quality. This information should then be used by the TRP/network to apply the selected beams and transmit beamformed CSI-RS in order for the UE to compute the effective MIMO channel with proper rank and precoding; see Figure 2. Note that the second CSI-RS transmission can occur frequently in order to provide updated CSI to the UE until the selected beams become obsolete. This approach would aim at reducing the computation burden on the UE at the cost of increased feedback overhead and/or reduced flexibility for achieving high spectral efficiencies. The reason for these costs is that, as mentioned above, grouping individual beam pairs with high quality does not generally result in the best effective MIMO channel at the baseband.
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Figure 3. Example of producing only analog beam report at the UE
· Alt. 2: As discussed before, a more practical approach to providing beam and CSI report to the TRP/network is to compute the effective channel(s), at least partially, at the UE and produce and send the report. This approach increases the computational effort at the UE and, furthermore, requires the UE to be informed of certain restrictions to group beam pairs in order to form an effective MIMO channel at the baseband. Examples of such restrictions will be mentioned later in this paper.
Figure 4 shows an example timeline of CSI-RS/reporting configuration, CSI-RS transmissions and beam/CSI reporting through this approach. The hybrid CSI report contains selected beams (for example in the form of CRI and possibly RSRP of the selected beams) and the resulting CSI (RI, PMI, CQI).
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Figure 4. Example of producing hybrid CSI report at the UE
· Alt. 3: As mentioned, Alt. 2 puts additional computational burden on the UE and, furthermore, requires beam sweeping CSI-RS transmissions in order to compute the effective baseband MIMO channel and select new beams. In order to reduce the complexity and overhead, CSI-RS transmissions and the corresponding UE computations can be divided into two stages where in one stage, the UE measures and computes possible MIMO ranks (one or more values for RI) and the analog beam pairs that provide the selected RI(s). Then, in a second stage, the TRP transmits CSI-RS through the selected beams for the UE to measure and report the corresponding PMI and CQI. The timeline of signalling and CSI-RS transmissions will then change to what is shown in Figure 5.
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Figure 5. Example of producing hybrid CSI report at the UE at two stages
Compared to Alt. 2, another advantage of this approach is that, since generally a new RI needs to be calculated less frequently than new PMI/CQI, the first stage can be configured with a larger periodicity than the second stage, which reduces the overhead of CSI-RS transmissions because RI-related measurements and computations require sweeping over a large number of beams while PMI/CQI-related measurements are expected to require far fewer resources. 
Based on the above discussion, Alt. 2 and Alt. 3 result in better spectral efficiency as the UE is aware of the resulting effective channel.
Proposal 1: NR should support rank-dependent beam reporting, i.e., each set of reported beams correspond to a channel rank indicated by the network or reported along by the UE.

Transmission of CSI-RSs for the functionalities of beam refinement and tracking is configured by the network, for example, semi-persistently. However, semi-persistent configurations are potentially resource-hungry and, instead, a system can allow a faster response to sudden changes in the effective channel if it allows CSI-RS transmissions to be triggered by the UE itself. Examples of phenomena detected at a UE that can trigger CSI-RS transmissions are increased or decreased path-loss, a mobility measure of the UE itself, etc.
In order to trigger beam sweeping CSI-RS transmissions, upon detecting a change in the path-loss or beam failure, the UE can send a request to the serving TRP. The request may contain the following information in order to assist the TRP to configure a proper instance of CSI-RS transmissions:

· A decrease in the quality of the received DL signal, e.g., the SINR of downlink transmissions, RSRP obtained from DMRS or CSI-RS, etc.
· Requested/recommended parameters for beam sweeping CSI-RS transmissions.
Depending on the amount of link quality loss, a UE may request/recommend a certain number of CSI-RS transmissions. For example, a smaller loss in the link quality may require a shorter search (i.e., fewer number of TDMed CSI-RS resources) compared to a larger loss that may require a larger search or performing an L1/L2 beam failure recovery.

Once the gNB receives a request from the UE, it can accept the request by configuring CSI-RS transmissions to the UE. In order to reduce the configuration overhead for UE-triggered CSI-RS transmissions, configurations can be communicated in two stages where one stage by the RRC configures beam sweeping CSI-RS transmissions and the second stage, communicated through MAC CE and/or DCI, signals whether and how an instance of beam sweeping CSI-RS are transmitted. An example is to configure aperiodic P2 and/or P3 beam sweeping CSI-RS and reporting by RRC and, then, dynamically trigger one or more procedures, together with parameters such as the selected CSI-RS resources allocated to each procedure, through MAC CE and/or DCI. Details of the request and response messages, information and recommendations by the UE to the gNB to configure CSI-RSs, etc. can be studied and discussed further.

Proposal 2: For the purpose of beam tracking and beam failure recovery, NR should support UE-triggered CSI-RS transmission based on phenomena such as changes in the path-loss.
To improve reliability with reasonable overhead for multi-beam transmission, UE event-driven beam reporting mechanism should also be considered in NR. It provides a mechanism to update the beam information to minimize the feedback overhead of multiple beam reporting. 

The driven event for beam reporting can be provided by a threshold (e.g., a channel quality threshold). Alternatively, this threshold can be configured by gNB or predefined by specification.  Once a UE finds a beam with sufficiently good quality (predefined or configured), it may trigger a reporting in advance to notify the gNB. This approach can reduce beam sweeping overhead by triggering an early discontinuation of CSI-RS transmissions.
In addition, UE can also determine and recommend an actual reported number of beams based on the measurement and the corresponding quality threshold. For example, when UE cannot find qualified beams as many as that configured by gNB, it can make such recommendations. And this reporting scheme can significantly reduce the overhead of multiple beam reporting.

Proposal 3: UE event driven beam reporting should be supported to reduce the feedback overhead.
As mentioned earlier, beam selection at the UE may be subject to implementation-dependent constraints. An example of such constraints is illustrated in Figure 6.
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Figure 6. Antenna ports sharing antenna elements/panels

In this example, the two antenna ports are virtualized by using partially common antenna elements, namely, the elements on the top-right panel. As a result, the two ports cannot generally be grouped to form a rank-2 MIMO channel.

Another example of constraints that UE needs to be aware of is when a hierarchical beamforming training approach is adopted where wider beams are used for a first level and narrower beams are adopted for the next levels. In this case, the UE needs to be aware that the wider beams are not going to be adopted for a final CSI report.

It was agreed in the previous meetings that the network can configure CSI reporting with the following parameters:

· Maximum number of CSI reporting settings (N)
· Maximum number of resources settings (M)
· Maximum number of resource sets (S)
· Maximum number resources per resource set  (Ks): agreed to be no more than 8 for CSI acquisition
· The number of links (L)
Figure 7 illustrates the connection between the above parameters.
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Figure 7. Connection between CSI reporting setting parameters
In order to apply the aforementioned constraints on beam reporting, similar parameters should be configured for beam reporting that communicate links between resource settings and beam reporting settings.

Figure 8 illustrates an example of configuring beam reporting while hardware constraints apply and separate beam reporting are configured for rank-1 communication.
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Figure 8. Example of applying hardware constraints in beam reporting setting
Figure 9 illustrates an example where the above hardware constraints do not apply and beam reporting for multiple ports can be combined for rank-2 communication.
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Figure 9. Example of beam report without the aforementioned hardware constraints
Proposal 4: Similarly to CSI reporting, beam reporting configuration should indicate links between resource settings and reporting settings.
In order to flexibly adapt to different scenarios/cases, beams constituted of a group can be associated with a principle. The associated principles can include benefiting grouping UEs, or reducing the probability of blockage especially in high-speed scenarios. For example, a UE can be configured to report beam information from two groups. The beams in the first beam group are constructed by low spatial correlation with serving beam B2. Thereby the beam reporting information in the first group can be used to address blockage. The beams in the second group are highly correlated with B2. The beam reporting information in the second beam group can be used to assist grouping multiple UEs. One example to define high or low spatial correlation between two beams is that RSs transmitted on the two beams are spatial-QCLed or non-spatial-QCLed, respectively. Another example is that high or low spatial correlation between two beams can be determined based on the difference of Rx spatial parameter(s) between them.

These principles can be represented by some predefined events and each beam group associates an event. According to different requirements, gNB can configure the associated event for each one among L beam groups. 
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Figure 10. An illustration of beam grouping 

Based on UE capability of maximum simultaneously received TRP Tx beams, different group sizes can be determined according to associated principle for this group. For example, when the robustness becomes especially critical, the number of beams in the group with low spatial correlation should be larger. Obviously, it is beneficial to adapt to various scenarios and requirements in NR. 

There are the following two alternatives for the determination of group size: 

· Alt.1:  Network configuration (gNB controlled method)  

· Alt.2:  UE recommendation (UE initiated method)  

For Alt.1, gNB can control the reported number of beams in different groups according to different requirements. For Alt.2, UE can precisely recommend an appropriate number of beams for each group based on the measurement of DL reference signal. Both alternatives should be considered for the determination of the group size.

Proposal 5: A flexible configuration for grouping principle, e.g., high/low spatial correlation with the serving beam and group size should be supported for group-based beam information reporting with Alt.1.

Beam management procedures should support continuous refinement and tracking of the acquired beams / beam pairs in order to maintain the channel quality. Several options can be considered for beam report:
· Option 1: A basic beam report can contain the index of the best beam (N=1) as well as the L1-RSRP associated with the selected beam. This option is simple and the resulting feedback size is minimal, but the acquired beam / beam pair is vulnerable to blockage of the main path between the pairs, e.g., LOS blockage.
· Option 2: The format of a report can be extended to include N>1 beams separately. This option provides a simple extension to the above format, but suffers from increased feedback size proportionally to the number of beams selected for reporting. The overall resources dedicated to this feedback format can be significant given that a mobile UE may require continuous and frequent beam reporting for the purpose of tracking.
· Option 3: The format of the above multi-beam feedback can be reduced by allowing differential feedback for additional beams, e.g., for N=2. This option provides a better tradeoff between link reliability and the amount of resources dedicated to link maintenance.

Figure 11 shows the advantage of differential beam report in terms of beamforming gain vs. the feedback size. In this figure, a channel with one dominant beam of 30dB SNR and negligible multipath is considered, and the feedback size and the beamforming gain corresponding to each of the above three options are shown. In the simulated examples, a 16-element ULA with a codebook of 32 DFT beams is considered, but the TRP sweeps only every 4th beam to reduce beam training time. Then, based on UE report, best beam out of the full codebook of 32 beams is selected for transmissions.

· Option 1 suggests reporting only the index of the best beam (N=1), hence requiring only 3 bits. However, this option results in ~3.5dB loss compared to the ideal beam (pointing directly toward the UE).

· Option 2 suggests reporting the indices of the top N=2 beams together with their respective amplitude/power, hence requiring larger feedback size as a function of the quantization resolution. This option reduces the loss to ~1.5dB in the simulated scenarios, but at the cost of 3x~4x larger feedback size.

· Option 3 suggests reporting the index of the best beam, plus 1 bit for reporting whether the beam before or after the best beam is considered for differential feedback, i.e., N=2. A differential metric is then quantized and reported along the above differential beams index. The differential metric used in the simulations follows (P1-P2)/(P1+P2) quantized, where P1 and P2 are the power of the best beam and its selected adjacent beam, respectively. The simulations show that this option provides higher beamforming gain with smaller feedback size. The only cost of this option compared to Option 2 is a small computation at the UE.
[image: image12.emf]
Figure 11. Reducing feedback size through differential beam report. 

(All beamforming gains are normalized to optimal analog beamforming towards the particular UE)
In some use cases (e.g., in the case of overcoming blockage), the distribution of RSRPs among multiple selected beam pair links may be dispersive as shown in figure 12a. In this case, non-differential L1-RSRP report can be adopted to avoid performance loss due to quantized differential error. While in another case (e.g., high-rank transmission), the range of RSRPs among multiple beam pairs may be concentrated as shown in figure 12b), thereby differential RSRP report can be adopted to reduce UE feedback overhead. The distribution of RSRPs among multiple beam pair links is usually acquired by the UE first, thereby the UE can recommend a report mode, i.e., differential RSRP or non-differential RSRP report to gNB.
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Figure 12. An illustration of RSRP distribution  

In order to support differential RSRP and simultaneously reduce complexity of the UE report, an appropriate reference RSRP should be defined. Alternatively, the reference RSRP can be average RSRP between multiple beam pair links or maximum/minimum RSRP among multiple beam pair links. 
Furthermore, when UCI for the above beam reporting is carried on PUCCH, the bit-width for beam reporting among multiple beam pair links should be as low as possible, e.g., limited to some fixed value. gNB can configure the step and the range of RSRP report to minimize PUCCH feedback overhead, e.g., by high layer signaling.
Proposal 6: Differential multi-beam reports, i.e., differential beam index and/or differential RSRP, should be supported in NR.
· UE-triggered differential RSRP should be supported in NR.
· For differential RSRP report, gNB can configure the step and the range of RSRP report.
In addition to beam reporting based on measurements, other beam-related auxiliary information should be reported to gNB as well.

Under current CSI-RS framework for beam management, it is the gNB’s responsibility to configure the CSI-RS resources for beam sweeping. If one CSI-RS resource is used to represent one analog beam, the number of CSI-RS resources can be identical to the number of Tx beams at the gNB, so that the UE reports the selected CRI(s). Next, when the UE has the beamforming capability, it may use more than one Rx beam during the beam sweeping. In this case, the aforementioned CSI-RS resources can be repeated, e.g., multiplexed in time, and the number of repetitions should be identical to the number of Rx beams in the beam sweeping.

In the perspective of CSI-RS resource configuration, the gNB needs to acquire information on UE Rx beam capability. With this information, the gNB can determine the maximum duration for non-periodic beam sweeping. As an example shown in Figure 13, the gNB can trigger semi-persistent (SP) beam sweeping by activation signaling and terminate it by deactivation signaling. The duration of SP sweeping depends on the number of Tx and Rx beams to be paired. In the example, the CSI-RS resource set may contains 5 CSI-RS resources mapped to 5 Tx beams at gNB. Because the UE has 2 Rx beam to sweep, the the CSI-RS resources configured in the resource set need a repetition of at least twice to finish the exhaustive measurement across all the possible Tx/Rx beam pair combinations. Without the knowledge of UE Rx beam capability, the gNB may have to allow a sufficiently large sweeping duration, which may lead to a number of wireless resources being wasted.
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Figure 13. An illustration of a semi-persistent beam sweeping for joint P2 and P3

In the perspectives of reporting setting, the gNB needs to acquire information on UE Rx beam capability too. With this information, the gNB can determine the accurate reporting periodicity for the reporting setting. Again, an example is given in Figure 14. In this example, the beam sweeping is periodic, so there is no worry for the duration as mentioned in above paragraphs. However, an ideal reporting should be trigger after an exhaustive searching over all the Tx/Rx beam pairs. In this case, the gNB needs the UE Rx beam capability, i.e. number of 2 in Figure 14. Otherwise, a gNB has no other choice but set the reporting periodicity the same as the Tx beam sweeping periodicity, while actually half of the reportings are unnecessary. 
In a conclusion, both for periodic or non-periodic beam sweeping, the capability of UE Rx beam is required by gNB in terms of CSI-RS resource(s) setting and reporting setting. 

Proposal 7: The capability of UE Rx beam sweeping shall be reported in order to assist configuring CSI-RS resource and reporting settings for DL beam management.
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Figure 14. An illustration of a periodic beam sweeping for P1

3 Conclusions

In this contribution, we reviewed principles of beam reporting for beam management. We made the following proposals:
Proposal 1: NR should support rank-dependent beam reporting, i.e., each set of reported beams correspond to a channel rank indicated by the network or reported along by the UE.

Proposal 2:  For the purpose of beam tracking and beam failure recovery, NR should support UE-triggered CSI-RS transmission based on phenomena such as changes in the path-loss.
Proposal 3: UE event driven beam reporting should be supported to reduce the feedback overhead.
Proposal 4: Similarly to CSI reporting, beam reporting configuration should indicate links between resource settings and reporting settings.
Proposal 5: A flexible configuration for grouping principle, e.g., high/low spatial correlation with the serving beam and group size should be supported for group-based beam information reporting with Alt.1.

Proposal 6: Differential multi-beam reports, i.e., differential beam index and/or differential RSRP, should be supported in NR.
· UE-triggered differential RSRP should be supported in NR.

· For differential RSRP report, gNB can configure the step and the range of RSRP report.

Proposal 7: The capability of UE Rx beam sweeping shall be reported in order to assist configuring CSI-RS resource and reporting settings for DL beam management.
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