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1. Introduction

DL beam management has been discussed for some RAN1 meetings in Rel 15. In this contribution, we have presented our overview of DL beam management for NR and strived for linking some beam management functionalities for DL data transmission. Further detailed discussion can be found in our companion papers in [1] for beam indication, [2-3] for beam management RS and reporting, [4-6] for beam failure recovery, [7-8] for beam management used for control channel and [9] for beam management in case of cross-carrier. 
2. NR Multi-beam based DL Transmission 

Multi-based beam measurement has been supported in LTE Rel 13 with Class B CSI reporting. Depending on eNB implementation, Class B CSI reporting with K=1 or K>1 can be used to provide a variety of beam virtualization mechanisms and can be classified as a method of CSI dimensionality reduction. As a result, AAS antenna array with large antenna ports can be measured with a small number of beamformed CSI-RS ports and reported with multi-stage CSI reports to minimize CSI-RS reporting overhead in total whist maintaining reasonable CSI quantization accuracy and information. One of key characteristics of such reporting mechanism in LTE is that CSI reporting is based on the single/best beam so that there is no further QCL differentiation among beamformed or non-beamformed CSI-ports within a CSI-RS resource. The UE will feedback CSI (RI/PMI/CQI) based on Class B (K=1) codebook or feedback the single/best CSI (CRI/RI/PMI/CQI) based on legacy codebook. As a result, UE demodulation still follows LTE earlier releases by TM 9 and 10.  
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Figure 1 Skeleton of Beam management in LTE

In release 15 for those low frequency bands that both LTE and NR can support, e.g. less than 6GHz, supported transmission schemes between LTE TM10 and NR could be quite similar, depending on further NR progress. If single Tx beam is used for DL transmission, overall framework of beam management is not much different from LTE where only the best/strongest beam is used for further CSI acquisition and DL data transmission. If multiple Tx beams are used for DL transmission, overall framework of beam management framework can follow up NCJT where up to two Tx beams can be used simultaneously with two DMRS port groups where two Tx beams can be virtualized as spatially separated TRPs. In terms of CSI acquisition for multiple Tx beam transmission, NR CSI measurement framework [10] can provide sufficient flexibility with multiple CSI reports (similar with multiple CSI processes in LTE). Therefore from beam management perspective, the UE can select one or more best/strongest beams based on L1-RSRP during beam reporting. And it is up to gNB to select one or multiple beams (based on NR NCJT CSI reporting mechanism) to do further CSI acquisition. However due to potential separated BM procedures and CSI acquisition, this may leads to a certain restriction of implementation in some propagation conditions like LOS state,  and we will elaborate further in section 4. 
Observation 1: For low frequency, beam management in NR can facilitate multi-beam transmission based on the mechanism of NCJT with possible further optimization of joint beam and CSI reporting. Dynamic beam selection, similar with DPS, can be sufficiently supported with simple beam reporting. 
For high frequency that NR can support only, e.g. greater than 6GHz, further complexity comes from two aspects. 
· The first aspect is due to Rx beamforming so that beam management and reporting at high frequency needs to consider spatial Rx parameters, i.e. a beam pair link (BPL), as we discuss in section 5. As a result, CSI acquisition following beam management/beam reporting needs to follow specific spatial Rx parameters at the UE. Moreover such spatial Rx parameters at the UE shall be also used for further DL PDSCH reception since scheduling decision has an implicit assumption for previous CQI/PMI/RI reporting which has been conditioned on those spatial Rx parameters. 
It will be relatively straightforward if only single TX beam is considered for high frequency for DL PDSCH transmission. A mapping table between LOI, CRI and Rx beam will be maintained by the gNB and is constantly communicated between the gNB and the UE. CRI itself as a BPL indicator is known by both gNB and UE although actual Tx beam is known by the gNB only and Rx beam/spatial Rx parameters are known by the UE only. In general, it can be classified as dynamic beam selection although beam selection will be jointly considered at both Tx and Rx sides. From the beam reporting perspective, the UE can select the best/strongest beam based on L1-RSRP to do beam reporting.
Observation 2: For high frequency, beam management and reporting in NR needs to consider the implementation of UE reception so that the gNB and the UE can built up a proper mutual understanding of DL reception. It is preferred to embed such UE reception into beam/CSI reporting so that the UE implementation of reception can be transparent to the gNB as much as possible. 
· The second aspect is due to the capability of supporting multiple UE panels which may be capable of receiving multiple Rx beamforming directions simultaneously, as we discuss in section 4. Due to UE-specific implementation, it is hard to define and control how the UE shall receive at given time/transmission instance from the gNB perspective. Therefore beam group reporting, i.e. A1 reporting, is preferred so that Rx beams, which are used simultaneously at the UE, can be virtualized as single set of Rx spatial parameters and singe beam group reporting.  
However, a beam group and associated beam group reporting based on L1-RSRP only will not be able to provide additional CSI information, like which two (a subset of) beams from that beam group shall be selected for further CSI acquisition and PDSCH reception, like Figure 2 below. Beam group reporting based on strongest beams cannot provide information of spatial multiplexing or mutual beam interference for simultaneous reception. The latter also needs to consider UE implementation of reception as well. 
If beam sweeping procedure can provide a large number of candidate beams, especially when the UE is equipped with multiple UE panels in a scatter-rich environment, searching and determining an effect MIMO channel for further CSI acquisition can be problematic at both UE and gNB. It leads to multiple CSI probes during CSI acquisition, similar with LTE Class B K>1 in general. 
If multiple Tx beams are considered for high frequency for DL PDSCH transmission, searching and determining an effect MIMO channel for further CSI acquisition at the gNB may require a certain beam grouping principle at the UE side, e.g. A1 beam group reporting conditioned on the rank or the correlation among beams in a beam group. From beam indication perspective, LOI indication shall be conditioned on beam group reporting and CSI acquisition thereafter. 
Observation 3: For high frequency, beam management and reporting in NR needs to consider a variety of requirements of beam section, e.g. beams to be received simultaneously, the relationship among reported beams, SU/MU/spatial diversity/spatial multiplexing, beams for further CSI acquisition and etc. 
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Figure 2 Skeleton of Beam management in NR with multiple BPLs
3. RS configurations for DL Beam Management Procedure 
According to the AH01 agreements, a UE can be configured with N≥1 CSI reporting settings, M≥1 Resource settings, and 1 CSI measurement setting, where the CSI measurement setting includes L ≥1 links, and each of the L links corresponds to a CSI reporting setting and a Resource setting. In each Resource setting, there is a configuration of S
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1 CSI-RS resource set(s), and the corresponding configuration of 
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 CSI-RS resources for each set s. One or multiple CSI-RS resource sets can be dynamically selected by L1 or L2 signaling from at least one Resource setting, and one or multiple CSI-RS resources can be dynamically selected by L1 or L2 signaling from at least one CSI-RS resource set.  More details can be found in [12].
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Figure 3. CSI framework for BM
A common high layer signaling architecture can be maintained between CSI acquisition and beam management and beam management needs much less configuration details compared to CSI acquisition. For example interference link is not needed and CSI-RS used beam management is likely only 1 or 2 CSI-RS ports. A comparison of CSI-RS resource configuration between CSI acquisition and beam management can be found in Table 1. The relationship between P1/P2/P3 beam sweeping and CSI-RS transmission can be summarized in Table 2 and further elaboration can be found in later sections.   
	Table 1. NZP CSI-RS resource configuration

	NZP CSI-RS resource configuration
	CSI acquisition
	Beam management

	CSI-RS resource configuration ID
	√
	√

	Number of CSI-RS ports
	up to 32
	up to 2

	Time domain behavior
	P/SP/AP
	P/SP/AP

	Timing related 
(e.g., CSI-RS slot config. (periodicity, slot offset))
	√
	√

	Location of component pattern 
(e.g. CSI-RS config.)
	√
	 √

	Scrambling ID
	√
	√

	CDM type
	√
	NA

	Density
	√
	TBD

	Power related info.
(e.g. PDSCH vs. CSI-RS EPRE ratio)
	√
	TBD

	Table 2. CSI-RS transmission vs. BM procedure

	BM Procedure
	CSI-RS

	
	Periodic 
	Semi-persistent
	Aperidic 

	P1
	√
	√
	NA

	P2
	NA
	√
	√

	P3
	NA
	√
	NA


3.1. Periodic CSI-RS transmission
For periodic CSI-RS transmission, S=1 resource set is configured to the Resource setting, which includes 
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 CSI-RS resources for Ks Tx beams. The periodic CSI-RS transmission is enabled via RRC configuration/re-configuration. A common periodicity should be configured to all the CSI-RS resources within the same resource set. During each periodicity shown in Figure 5, QCL is assumed over spatial Rx parameters among transmitted CSI-RS resources at the UE . The periodic CSI-RS can be used for beam management procedure P1 for Tx/Rx beam sweeping.
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Figure 5. Periodic CSI-RS transmission for P1 procedure
3.2. Aperiodic CSI-RS transmission
For aperiodic CSI-RS transmission, 
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 resource sets are configured to the Resource setting, each of which includes 
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CSI-RS resources. The aperiodic CSI-RS transmission is triggered via DCI signaling, i.e. one out of S CSI-RS resource sets in one Resource setting is selected by DCI. Each time a set s is triggered, 
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 beams shown in Figure 6 are to be swept by the gNB, and QCL is assumed over spatial Rx parameters at the UE during one Tx beam sweeping using one CSI-RS resource set. The aperiodic CSI-RS can be used for beam management procedure P2 for Tx beam sweeping.  
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Figure 6. Aperiodic CSI-RS transmission for P2 procedure
3.3. Semi-persistent CSI-RS transmission
For semi-persistent CSI-RS transmission, 
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 resource sets are configured to the Resource setting, each of which includes 
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 semi-persistent CSI-RS resources. A common periodicity should be configured to all the CSI-RS resources within the same resource set.  During each periodicity shown in Figures 7 and 8, QCL is assumed over spatial Rx parameters at the UE.
The semi-persistent CSI-RS can be used for beam management procedure P3 as shown in Figure 7, where only one semi-persistent Resource setting is configured for Rx beam sweeping. Each CSI-RS resource set includes 
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 CSI-RS resource. During each periodicity, QCL is assumed over spatial Rx parameters among transmitted CSI-RS resources at the UE . Since there is only one CSI-RS resource configured within one resource set, once activated, the UE can perform Rx beam sweeping accordingly. 

The semi-persistent CSI-RS can also be used for beam management procedure P1/P2 for Tx/Rx beam sweeping as shown in Figure 8. Multiple CSI-RS resource sets are configured to the Resource setting, and each of which includes 
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 CSI-RS resources. During each periodicity, QCL is assumed over spatial Rx parameters among transmitted CSI-RS resources at the UE. When the de-activation is signaled after one periodicity, only Tx beam sweeping is performed, which corresponds to a P2 procedure. On the other hand, when de-activation is signaled after more than one periodicity, Tx/Rx beam sweeping is performed, which can be similar with P1 procedure. 
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Figure 7. Semi-persistent CSI-RS transmission for P3

[image: image17.emf] 

gNB

UE

Tx beam sweeping periodicity

Tx beam sweeping periodicity

CSI-RS 

resource set

Tx beam sweeping periodicity

Tx beam 

2

Tx beam 

2

Repetition


Figure 8. Semi-persistent CSI-RS transmission for P1/P2
Based on the above discussion, we have the following proposals:

Proposal 1: For beam management, NR supports signaling of DCI to select single CSI-RS resource set for aperiodic CSI-RS transmission

Proposal 2: For beam management, NR supports signaling of MAC CE to select single CSI-RS resource set for semi-persistent CSI-RS transmission 

Proposal 3: The UE can assume QCLed over spatial RX parameters among transmitted CSI-RS resources, 
· within each periodicity of configured periodic CSI-RS resource set
· within each periodicity of activated semi-persistent CSI-RS resource set

· from the first CSI-RS transmission till the last CSI-RS transmission of the CSI-RS resource set triggered aperiodically 
4. DL Beam management and Reporting 
4.1. DL Beam Management Procedure 
Principles of DL beam management and reporting are discussed here. Further details can be found in our companion paper [3]. It is discussed in that paper that the general approach thus far on beam reporting has been to report the best N beams that result in the best beam quality with some criteria, for example, the largest L1-RSRP.  This approach may be sufficient for the special case that rank-1 transmissions are aimed for further CSI acquisition and data transmissions. Moreover, the mechanism is also in general sufficient for maintaining UE-specific candidate beams for other functionalities, e.g., beam failure recovery or PDCCH, where good candidate beams are mostly required.
In LTE with digital beamforming, the single best beam is used as a method of CSI dimensionality reduction. CSI acquisition including RI/PMI/CQI over a selected beam is jointly reported with the CRI corresponding to the selected beam. However, as mentioned above, this approach essentially aims at providing the best rank-1 channel at the baseband, especially for analog beamforming or UEs with LOS state. Consider the illustrative example of Figure 9 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 BPL are both LOS and result in strong baseband channels suitable for rank-1 communications. However, because of the strong interference between 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 9. (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 multiplexing modes for some propagation conditions. 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 CSI-RS resources required for beam refinement. The situation is similar with LTE Class B (K>1) CSI measurement which eventually leads to costly K CSI-RS resources for single beam selection and associated CSI reporting. It is therefore up to the UE to determine the “best” beam to be measured and reported in LTE.  

This issue becomes more complicated and results in a more prohibitive trade-off for a larger number of Tx beams/BPLs and/or at richer scattering environments.  In order to prepare beam and CSI reports, the UE needs to compute the effective MIMO channel at the baseband for different combinations of BPLs, jointly considering UE receiving capability, e.g., with single or multiple panels.
4.2. DL Beam Management Reporting 
In the previous meetings, two beam grouping criteria were given and 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.

From the perspective of performance, it is beneficial to acquire the strongest gNB Tx beams which can be simultaneously received at UE. These beams can be grouped to maintain the current link based on a certain reporting constraints. Generally, when all gNB Tx beams in a beam group with A1 criteria are blocked (i.e., no gNB Tx beam(s) can be received at a time instance), the beam failure may be declared for some use cases, e.g., with single beam group to be reported. 
Moreover, system simulation results for performance comparison between A1 and A2 have been provided in [11]. In summary, it can be seen that significant cell throughput gain for A1 can be achieved. It can be also observed that the probability of higher rank is larger in A1 than in A2, thereby it can benefit from MIMO transmission in terms of peak data rate and spectral efficiency. Multiple preferred beams from different panels can well match the rich channel propagation in UMa scenario.

Proposal 4:  A1 shall be considered for beam grouping criteria.  
Based on the discussion in section 4.1, three alternatives for beam reporting and CSI reporting are listed in [3]:

· Alt. 1: Beam reporting independent of the effective MIMO channel resulting from the selected beams followed by CSI acquisition based on the reported beams,

· Alt. 2: One-stage joint beam and CSI reporting where the UE considers the effective MIMO channel resulting for selecting and reporting beams.

· Alt. 3: Two-stage joint beam and CSI reporting where the UE considers the effective MIMO channel and reports the RI along the selected beams at one stage and reports PMI and CQI in a (possibly more frequent) second stage.

The more efficient alternatives are Alt. 3 and Alt. 2, respectively, which encourage supporting rank-dependent beam reporting. The ranks considered for beam reporting can be configured/indicated by the network and/or measured by the UE. For further CSI acquisition, the TRP transmits CSI-RS through all (or a subset of) selected beams in that beam group to measure and report corresponding PMI, CQI and RI. The advantage of this approach is that the RI associated with that beam group and beam group reporting can provide an efficient high-rank effective channel to mitigate complexity of searching effective channels during CSI acquisition. Furthermore, it is argued and proposed in [3] that beam reporting configuration similar to CSI reporting should be supported to communicate beam selection constraints such as ones resulting from port virtualization, hierarchical beamforming training, etc.

Alternatively, in order to reduce the complexity and CSI-RS overhead for CSI acquisition, beams constituted of a group can be associated with reporting constraints or principles. The associated principles can include benefiting multiuser pairing or anti-blockage especially in high-speed scenarios. For example, UE can be configured to report beam information from two groups. The beams in the first beam group are constructed by low spatial correlation. Thereby the beam reporting information in the first group can be used to address blockage or multi-beam reception. And the beams in the second group are highly correlated. The beam reporting information in the second beam group can be used to assist beam-based multiuser pairing. 

Proposal 5:  NR shall support rank-dependent beam group reporting, e.g. each reported beam group associated with a rank indicated by the network or reported along by the UE, or beam group reporting with configurable grouping principle, e.g., high/low spatial correlation.

5. Beam Indication for PDSCH
5.1. Beam Indication 
It was agreed that, at least for DL unicast data channel, a low-overhead indication (LOI) can be used to indicate the spatial QCL assumption to assist UE-side beamforming/receiving. The similar mechanism can be applied in other scenarios if beam indication is needed, for example, downlink control channel transmission, CSI-RS measurement. A logical mapping between Tx and Rx beams and LOI can be beneficial for subsequent beam indication. 

In particular, an example of the logical (and reduced) mapping is given in Table 3. Note that here the bit width for information indicating gNB Tx beams (e.g., CRI and/or port ID) may be varied and such a reduced mapping can help to suppress the signaling overhead in DCI to achieve the trade-off between beam indication/implementation flexibility and DCI overhead. 
Table 3 Mapping between indicator, CSI-RS resource and/or port ID and UE Rx beam

	LOI
	Info. on gNB Tx beams
	Info. on UE Rx beam(s)

	[00]
	CRI #0 (SS Beam) 
	Rx beam(s)

	…
	…
	…

	[10]
	CRI and/or port ID
	Rx beam(s)

	…
	…
	…


The establishment and maintenance of the logic and reduced mapping table as in Table 3 can be done during beam management. An example is shown as follows and for simplicity we use CRI only to represent gNB Tx beam information. Let’s start from the very beginning and CRI#0 is spatially QCLed with the SS block beam that UE have accessed. Note that UE Rx information is not necessary to be known at gNB.

Based on such an implicit initial beam pair link, gNB can configure some spatially QCLed and/or spatially non-QCLed CSI-RS resources. Then gNB configures UE to do CSI-RS measurement and report for beam management by notifying UE to measure CRI #1, #2, #3, #4 further. Also spatial QCL assumptions among CRI #0 – CRI #4 or with SS blocks are informed, if needed. The overhead associated with conveying the spatial QCL assumptions is very important if L1/L2 signaling will be involved in this beam management procedure to adapt to quick changes of BPLs. Upon receiving the request, UE shall measure and report the configured number of CRIs with corresponding RSRPs.  
A simple mapping table with only one entry can be maintained between gNB and UE as in Table 4, if the gNB prefers to keep it simple or without updating of Rx beam. 

Table 4 Initial Mapping between LOI, CRI and UE Rx beam

	LOI
	Info. on gNB Tx beams
	Info. on UE Rx beams

	[00]
	CRI#0
	Rx beam#0
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Figure 10 beam indication establishment and maintenance

A default beam indication can be considered, with some predefined rules known at both gNB and UE, and without explicit beam indication in DCI or high layer configuration. 
If the mapping table between LOI and UE reported beam information, e.g. Table 3, is not setup by the gNB and therefore not indicated to the UE, one option is that both gNB and UE can assume the transmission and reception is based on the best beam reported most recently where the time line will be specified with further details.  The other option is that the default beam corresponds to CRI#0, i.e., CRI #0 QCLed with a wide beam used in initial access or control channel.  Of course CRI#0 or RS QCLed with CRI #0 should be transmitted in advance for the UE determining the Rx beam. 

If the mapping table like Table 3 has been setup by the gNB and indicated to the UE by high layer signaling, the UE may assume the default beam as the beam associated with the default value of [00], which can be the beam used for control channel or other channels if needed so that a certain operational complexity can be reduced.  

Proposal 6: Support a predefined rule to maintain a default beam pair link for DL reception, e.g., the best beam reported most recently, wide beam used in initial access, the beam associated with LOI [00].

5.2.  Maintenance of Beam Indication 
The establishment and maintenance of the logic and reduced mapping table as in Table 3 can be done by beam management or utilizing any prior information, e.g. beam identified by initial access or other adjacent CC. In general, such table is mainly responsibility of the network by considering UE capability, beam reporting, transmission requirement for PDSCH and other DL/UL channel, deployment environment and signaling overhead. 

As shown in Figure 10, gNB would select a subset of Tx beams for further beam management and downlink data/control transmission. The gNB could select the subset of Tx beams based on some performance criteria which can be left to gNB implementation. Some low signaling overhead methods can be used to convey the selected Tx beams to the UE. Further, for mapping between LOIs and the selected Tx beams, some implicit mapping rules can be used to further reduce the signaling overhead. In this case, the gNB only need to convey the selected Tx beams information to the UE. As shown in Table 5, gNB selected Tx beams associated with CRI #2, #3, #4 and mapped them to LOIs [01], [10], [11] respectively based on e.g. the UE reported RSRPs.
Table 5 Mapping between LOI, CRI at gNB
	LOI
	Info. on gNB Tx beams

	[00]
	CRI #0

	[01]
	CRI #2

	[10]
	CRI #3

	[11]
	CRI #4


Based on Table 5, UE updates the maintained mapping table to the format like Table 6. Note that the exact corresponding Rx beams can be known at UE side only.

Table 6 Mapping between LOI, CRI and UE Rx beam at UE

	LOI
	Info. on gNB Tx beams
	Info. on UE Rx beams

	[00]
	CRI #0
	Rx beam#0

	[01]
	CRI #2
	Rx beam#1

	[10]
	CRI #3
	Rx beam#2

	[11]
	CRI #4
	Rx beam#3


Till now, a logic and reduced mapping between LOI, CRI and UE Rx beam has been updated. 

Proposal 7: Support a configurable mapping table between low overhead indicators and UE reported information, e.g. CRI or beam group ID.

In addition to the beam indication introduced above to assist UE Rx beamforming for PDSCH reception, to assist PDSCH demodulation, other QCL information are needed and indicated by a separated DCI field. For example, the QCL assumptions between PDSCH-DMRS and CSI-RS with respect to the parameters like average gain, average delay, delay spread, Doppler shift, Doppler spread should be known at UE side to help the demodulation. 
Moreover, the bit length of beam indication may not be limited to 2 bits. Depending on a different carrier frequency, for example, beams in 70GHz may be narrower than beams in 30GHz, or depending on a different deployment scenario, for example, UE may benefit from a richer reflecting indoor environment than being outdoor, the optimal number of beams used per UE may vary and a different bit length for the beam indication can be considered. 

Proposal 8: Support a configurable bit length for LOI indication in DCI.

6. Beam Management for Beam Failure Recovery 
From beam failure recovery perspective, one of key tasks of DL beam management is also provide candidate beams for beam failure recovery if serving beams of control channel may fail. Those candidate beams are either preconfigured by the network for the UE using periodic CSI-RS resources so that the UE can identify a new beam as soon as the condition of beam failure is met, or are transmitted by using aperiodic or semi-persistent CSI-RS resource once the network has received beam failure recovery request so that a new beam can be identified thereafter. Further details can refer to our companion paper [4].
Therefore from network perspective, candidate beams need to be determined at a UE-specific manner and also candidate beams and serving beams shall be less correlated for high robustness and spatial diversity. Otherwise beam identification during beam failure recovery would have very low success rate or take too much time. The trade-off between robustness and spectral efficiency is also one of key task of network since those candidate beams are in general worse or weaker beams compared to those serving beams. The network tends to use stronger beams if possible. 
For the sake of robustness, beam sweeping discussed in section 3 should be based on CSI-RS in order to provide UE-specific beam set. With P1/P2/P3 beam sweeping procedure, the gNB will be able to maintain a beam set as small as possible for each UE to mitigate the time of searching for new beams.  Moreover identifying new beams, which also likely involve Rx beam switching, needs a certain beam indication discussed in section 5. Those beam indication can be either conveyed by LOI or indicated by other manners implicitly.  Last but not least, beam measurement and reporting based on simple criteria, like the best L1-RSRP, may not be efficient way. A UE under the propagation condition with dominant LOS is very likely to feedback highly correlated best N beams, which are probably useless for its beam failure recovery procedure if happen. However blockage probability and potential problem in such propagation condition will be more serious for the UE.

7. Summary

Based on above discussion, we have following observations and proposals: 

Observation 1: For low frequency, beam management in NR can facilitate multi-beam transmission based on the mechanism of NCJT with possible further optimization of joint beam and CSI reporting. Dynamic beam selection, similar with DPS, can be sufficiently supported with simple beam reporting. 
Observation 2: For high frequency, beam management and reporting in NR needs to consider the implementation of UE reception so that the gNB and the UE can built up a proper mutual understanding of DL reception. It is preferred to embed such UE reception into beam/CSI reporting so that the UE implementation of reception can be transparent to the gNB as much as possible. 
Observation 3: For high frequency, beam management and reporting in NR needs to consider a variety of requirements of beam section, e.g. beams to be received simultaneously, the relationship among reported beams, SU/MU/spatial diversity/spatial multiplexing, beams for further CSI acquisition and etc.
Proposal 1: For beam management, NR supports signaling of DCI to select single CSI-RS resource set for aperiodic CSI-RS transmission
Proposal 2: For beam management, NR supports signaling of MAC CE to select single CSI-RS resource set for semi-persistent CSI-RS transmission 

Proposal 3: The UE can assume QCLed over spatial RX parameters among transmitted CSI-RS resources, 

· within each periodicity of configured periodic CSI-RS resource set
· within each periodicity of activated semi-persistent CSI-RS resource set

· from the first CSI-RS transmission till the last CSI-RS transmission of the CSI-RS resource set triggered aperiodically 
Proposal 4:  A1 shall be considered for beam grouping criteria.  
Proposal 5: NR shall support rank-dependent beam group reporting, e.g. each reported beam group associated with a rank indicated by the network or reported along by the UE, or beam group reporting with configurable grouping principle, e.g., high/low spatial correlation.
Proposal 6: Support a predefined rule to maintain a default beam pair link for DL reception, e.g., the best beam reported most recently, wide beam used in initial access, the beam associated with LOI [00].
Proposal 7: Support a configurable mapping table between low overhead indicators and UE reported information, e.g. CRI or beam group ID.
Proposal 8: Support a configurable bit length for LOI indication in DCI.
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