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1. Introduction
In terms of beam management procedures [1], [2], [3], the following working assumptions were made in [4] at RAN1-86b. 
Working assumptions:
· Beam management procedures can utilize at least the following RS type(s):
· RS defined for mobility purpose at least in connected mode
· FFS: RS can be NR-SS or CSI-RS or newly designed RS
· Others are not precluded
· CSI-RS:
· CSI-RS is UE-specifically configured
· Multiple UE may be configured with the same CSI-RS
· The signal structure for CSI-RS can be specifically optimized for the particular procedure
· Note: CSI-RS can also be used for CSI acquisition
· Other RS could also be considered for beam management such as DMRS and synchronization signals

The following agreements were made on beam grouping [5]. 
Agreements:
· Group based beam management is to be further studied:
· Definition of beam grouping:
· Beam grouping = for TRP(s) or UE to group multiple Tx and/or Rx beam(s) and/or beam pair(s) into one subset of beams 
· FFS detailed mechanisms for beam grouping, reporting, beam-group based indication for beam measurement, beam-based transmission or beam switching, etc.
· Some examples can be found in R1-1610891 and R1-1609414
· 
The following agreements were made on beam reporting [6].  
Agreements:
· Support at least network triggered aperiodic beam reporting:
· Aperiodic beam reporting is supported under P-1, P-2, and P-3 related operations
· FFS beam reporting details
· FFS: UE assisted/initiated aperiodic beam reporting
· FFS: In case of UE assisted/initiated aperiodic beam reporting, UE request message can be transmitted on a reserved/dedicated/common uplink channel (e.g. physical random access channel, physical uplink control channel).

The focus of this contribution is to elaborate and specify requirements and considerations on further details in the beam management process. 
2. Beam sweeping and refinement issues  
2.1 Mobility reference signal 
The CSI-RS framework is well-suited for beam management of one UE (or a small number of UEs). However, if all the beam management (including P-1) is conducted in a UE-specific manner, a lot of overhead is encountered. In particular, in an attempt to reduce overhead, a UE-specific beam management tends to offer downlink beams adjacent to the directions of already existing candidate beams. This may lead to “local beam optimization” and hinders the discovery of globally optimal beams, i.e., beams which emerge far away from any candidate beam. 
To avoid this, there is a need for a non-UE-specific (i.e., cell-specific) beam training. All the UEs need to know the timing of this cell-specific RS, so it is not suitable to convey this through PDCCH. The other options for conveying this timing information include through RRC signaling, or through the MIB/SIB, or specifying it in the air link spec. 
Since the RS are useful for maintenance of candidate beams, it is more advantageous to have a periodic occurrence of these RSs. These RS enable the UE to discover and monitor multiple candidate beams for either alternate viable paths (e.g., diversity to overcome blockage, beam combining, neighbor cell discovery and handover, etc.). Those beams may come from several TRPs of the cell. This facilitates the “beam handover” from one TRP to another as the UE moves through the cell. For this reason, such a RS is called a mobility reference signal (MRS). 
Thus, in line with the working assumption in [4] on the need for a RS for mobility purposes, we advocate the use of MRS for NR. There are several other advantages to the use of MRS for such tasks. MRS can also aid in CFO measurement of other TRPs and neighboring cells. In particular, allowing a scaled numerology estimation of CFO at regular intervals can be considered as a viable option for this objective. See also the companion contribution [7]. The UE maintains a database that captures the frequency and timing offset for each discovered candidate beam. This database can also be updated when the UE receives signals different from MRS on a known beam. 
Proposal 1: MRS should be offered by the gNodeB and allow a periodic sweep of beams spanning all sectors.. 
Proposal 2: Timing information of the MRS can be conveyed through either RRC signaling, or through MIB/SIB, or specifying it in the air link spec.  
Proposal 3: MRS should enable the UE to measure CFO and timing offsets on a per beam basis. 
2.2 Beam reporting on MRS 
In consideration of the beam reporting agreements in [6], we advocate the following procedures for beam reporting. 
RSRP and/or RSRQ measurements across either the entire band or sub-bands are useful. In particular, these measurements are reported for the N best candidate beams, with N being FFS. Furthermore, the UE indicates which beams arrive at a similar angle of arrival (in azimuth and elevation). We call those beams as quasi-collocated (QCL). The gNodeB may be able to switch between beams that are QCL without informing the UE. On the other hand, QCL beams are not suitable for spatial MIMO transmission because the UE cannot resolve between the beams. In addition to the N candidate beams, the UE should report which of these beams are QCL and this would support the gNodeB in selecting the beams associated with CSI-RS antenna ports. Using the same principle, the gNodeB can also exclude beams that are QCL as seen from the gNodeB side (similar angles of departure in azimuth and elevation). 

The MRS can be used to exclude those candidate sets of beams from MIMO transmission if their relative frequency and/or timing offsets exceed a certain pre-determined threshold. 

Proposal 4: RSRP and/or RSRQ measurements of N best candidate beams are to be considered for beam reporting. 

Proposal 5: Identification of quasi colocation (QCL) of beams in the UE measurement report is supported.

Based on the identified sets, the UE can report the associated CQI for selected transmission modes if the impact of phase noise and CFO is moderate. This may be the case if the power of phase noise/CFO is small relative to the power of the total noise and interference. The gNodeB can use this information to reduce CSI-RS transmissions and associated CSI reporting. 

Observation 1: The gNodeB can save on CSI-RS transmissions and associated reporting, if the UE can prioritize certain sets of beams for MIMO transmission over other sets based on MRS observations. 
2.3 CSI-RS for beam management 
CSI-RS can be used for beam refinement according to P-2 and P-3. For that, several symbols can be used where the beams of antenna ports are swept over a narrower coverage region. The UE should then be configured to report RSRP and/or RSRQ measurements. The UE should be informed if a certain gNodeB antenna port keeps the same beam over several symbols so that it can refine its received beam. 

There may be a need to support beamforming across several gNodeB subarrays to achieve higher EIRPs. This can be achieved if the antenna ports associated to these subarrays are beamformed in the same spatial direction(s) and transmit during the same CSI-RS symbol. The UE may then measure the phase differences between the received signals of each antenna port. One way of conveying those phase differences may be through reporting the PMI based on a Class-A codebook if the subarrays are spaced equi-distantly and any phase mismatches between the subarrays are adjusted with a calibration mechanism. Otherwise, other reporting mechanisms are needed which support reporting the phases in a quantized manner. 

Proposal 6: NR should consider feedback of complex-valued signal comparisons across multiple beam candidates (e.g., relative phase differences) in response to different beam refinement procedures. 

For all CSI-RS transmissions, it is important that the UE uses the correct subarrays and beams for proper reception. To achieve this, the gNodeB informs the UE using indices into the list of previously reported candidate beams. By identifying the set of candidate beams, the UE will know exactly which of its subarrays and antenna weights are suitable for receiving the upcoming CSI-RS symbols. 

Proposal 7: The mechanism for the gNodeB informing the UE about suitable subarrays and beams for CSI-RS should be supported. Reporting of the QCL properties between the beams on CSI-RS ports and previously observed MRS beams is supported. 

The CSI-RS mechanism should enable the evaluation of different TRPs for MIMO transmission. In that case, the beams of different antenna ports of different TRPs should be offered. Since different TRPs may have different frequency and timing offsets, it is advisable to place antenna ports of different TRPs in different symbols. If the UE is informed about the candidate beams for each symbol, it can consult its database to know which frequency and timing offset to consider for each CSI-RS symbol. Antenna ports of each TRP may be configured to a CSI-RS resource and the UE can be configured to report the resource indicator for the best performing resource (TRP). Further, it has to report the CQI and PMI of the best performing TRP. Alternatively, the UE may be asked to report the N best performing TRPs, following the principle outlined in Alt. 1 of [8].  

Observation 2: Based on the reporting in proposal 7 the UE can determine the associated frequency and timing offset to enable proper CSI-RS reception. 
2.4 Beam recovery 
Beam recovery mechanisms are important in the context of loss of signal strength due to sudden disruptions like the blockage of a dominant path, or loss of synchronization of beams due to packet drops, etc. 

The UE may still have one suitable beam to the gNodeB or it can discover one from MRS. In either case, the gNodeB may not be aware of this beam. 

If the UE has lost its uplink timing, it can use the RACH signal in the direction of the suitable beam to re-establish the link to the gNodeB. Alternatively, if the UE still has uplink timing, it can transmit in a channel similar to RACH, during which the gNodeB also sweeps its receive beam(s). In this channel, each UE is assigned a resource such that the gNodeB knows which UE has transmitted. After proper reception, the gNodeB then knows which of its receive beams is suitable to connect to the UE. This channel and the details of the recovery procedure are described in our companion contribution [9]. The channel can also be used for picking up scheduling requests and we call it therefore the SR-channel. The advantage of this channel is that it can provide more collision resources per time and frequency resource than the RACH channel, because it exploits the uplink synchronicity of the UE.  

After the gNodeB and UE have thus established a beam pair for a working link, the gNodeB can accelerate the beam discovery of the UE by offering a CSI-RS burst that contains beams over the entire sector.

Proposal 8: The SR-channel should be considered to enable beam recovery in conjunction with a CSI-RS burst. 
3. Proposals  
Based on the above discussion, the following proposals are made in this contribution: 
Proposal 1: MRS should be offered by the gNodeB and allow a periodic sweep of beams spanning all sectors.. 
Proposal 2: Timing information of the MRS can be conveyed through either RRC signaling, or through MIB/SIB, or specifying it in the air link spec.  
Proposal 3: MRS should enable the UE to measure CFO and timing offsets on a per beam basis. 
Proposal 4: RSRP and/or RSRQ measurements of N best candidate beams are to be considered for beam reporting. 

Proposal 5: Identification of quasi colocation (QCL) of beams in the UE measurement report is supported.

Observation 1: The gNodeB can save on CSI-RS transmissions and associated reporting, if the UE can prioritize certain sets of beams for MIMO transmission over other sets based on MRS observations. 

Proposal 6: NR should consider feedback of complex-valued signal comparisons across multiple beam candidates (e.g., relative phase differences) in response to different beam refinement procedures. 

Proposal 7: The mechanism for the gNodeB informing the UE about suitable subarrays and beams for CSI-RS should be supported. Reporting of the QCL properties between the beams on CSI-RS ports and previously observed MRS beams is supported. 

Observation 2: Based on the reporting in proposal 7 the UE can determine the associated frequency and timing offset to enable proper CSI-RS reception. 

Proposal 8: The SR-channel should be considered to enable beam recovery in conjunction with a CSI-RS burst. 
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