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Introduction
The following contribution discusses which downlink signals/beams are best suited for beam discovery and monitoring. The advantages and disadvantages of SS beams and periodic CSI-RS with cell specific beam sweeps are given. It is argued that both signals should be used for beam reporting. The contents of these reports is discussed including beam group reporting. 
An important tool for beam management is the concept of reference beams. Simulation results are presented to show the viability of the approach. A method for establishing and updating reference beams is given. It is proposed that reference beams are chosen from the pools of SS-beams and the beams of the periodic CSI-RS with cell specific P1 sweeps. 
In this contribution, the highlighted portions of the following agreements from RAN1-88 are touched upon. 
R1-1703523	Beam management framework Huawei, HiSilicon, LG Electronics
Agreements:
· A UE can be configured with the following high layer parameters for beam management:
· N≥1 reporting settings, M≥1 resource settings
· The links between reporting settings and resource settings are configured in the agreed CSI measurement setting
· CSI-RS based P-1 & P-2 are supported with resource and reporting settings
· P-3 can be supported with or without reporting setting  
· A reporting setting at least including
· Information indicating selected beam(s)
·  L1 measurement reporting
· FFS details (e.g., based on RSRP or CSI, etc.)
· Time-domain behavior: e.g. aperiodic, periodic, semi-persistent
· Frequency-granularity if multiple frequency granularities are supported
· A resource setting at least including
· Time-domain behavior: e.g. aperiodic, periodic, semi-persistent
· RS type: NZP CSI-RS at least
· At least one CSI-RS resource set, with each CSI-RS resource set having K≥1 CSI-RS resources
· Discuss further offlineFFS whether or not support >1 CSI-RS resource set per resource setting
· Some parameters of K CSI-RS resources can be the same, e.g. port number, time-domain behavior, density and periodicity if any
· Further discussion whether or not the mechanism for CSI acquisition framework can be applicable
R1-1703525	Beam reporting	ZTE
Agreements:
· Confirm the working assumption on group based beam reporting made in RAN1 Jan. NR Adhoc Meeting, with the following update:
· Further discussion for possible down-selection or merging, especially taking into account overhead

Agreements:
· NR supports the following beam reporting considering L groups where L>=1 and each group refers to a Rx beam set (Alt1) or a UE antenna group (Alt2) depending on which alternative is adopted. 
· For each group l, UE reports at least the following information:
· Information indicating group at least for some cases
· FFS: condition(s) to omit this parameter e.g. when L=1 or Nl=1
· Measurement quantities for Nl beam (s)
· Support L1 RSRP and CSI report (when CSI-RS is for CSI acquisition)
· FFS: the details of RSRP/CSI derivation and content
· FFS: Other reporting contents, e.g., RSRQ  
· FFS: Configurability between L1 RSRP and CSI report
· FFS: whether or not to support differential L1 RSRP feedback
· FFS: How to select Nl beam(s) e.g max Nl beams in terms of received power being above a certain threshold or in terms of correlation less than a certain threshold
· Information indicating Nl DL Tx beam(s) when applicable
· FFS: the details on this information, e.g., CSI-RS resource IDs, antenna port index, a combination of antenna port index and a time index, sequence index, beam selection rules for assisting rank selection for MIMO tx, etc.
· This group based beam reporting is configurable per UE basis.
· This group based beam reporting can be turned off per UE basis e.g. when L=1 or Nl=1
· NOTE: No group identifier is reported when it is turned off 
· FFS: how L is determined. e.g. by network configuration or UE selection or UE capability e.g. how many beams can be received simultaneously
· FFS: how is configured using the CSI framework to support multi-panel or multi-TRP transmission

R1-1703988 	WF on Mechanism to Recover from Beam Failure	Huawei, HiSilicon, LG Electronics, MediaTek, AT&T, Samsung, vivo
Also supported by CATT, Ericsson
Agreements:
· Beam failure event occurs when the quality of beam pair link(s) of an associated control channel falls low enough (e.g. comparison with a threshold, time-out of an associated timer). Mechanism to recover from beam failure is triggered when beam failure occurs
· Note: here the beam pair link is used for convenience, and may or may not be used in specification
· FFS: whether quality can additionally include quality of beam pair link(s) associated with NR-PDSCH
· FFS: when multiple Y beam pair links are configured, X (<=Y) out of Y beam pair links falls below certain threshold fulfilling beam failure condition may declare beam failure 
· FFS: search space (UE-specific vs. common) of the associated NR-PDCCH
· FFS: signaling mechanisms for NR-PDCCH in the case of UE is configured to monitor multiple beam pair links for NR-PDCCH
· Exact definition of such threshold is FFS and other conditions for triggering such mechanism are not precluded
· The following signals can be configured for detecting beam failure by UE and for identifying new potential beams by UE
· FFS the signals, e.g., RS for beam management, RS for fine timing/frequency tracking, SS blocks, DM-RS of PDCCH (including group common PDCCH and/or UE specific PDCCH), DMRS for PDSCH
· If beam failure event occurs and there are no new potential beams to the serving cell, FFS whether or not the UE provides an indication to L3. 
· Note: the criterion for declaring radio link failure is for RAN2 to decide.
· FFS: The necessity of such indication
· NR supports configuring resources for sending request for recovery purposes in symbols containing RACH and/or FFS scheduling request or in other indicated symbols


SS and periodic CSI-RS for beam discovery and monitoring
In the realm of beam management the UE has to discover emerging beams and inform the gNB about them such that they can be considered for candidate beams for control and data. Further, the UE has to monitor the performance of the control beam to detect blockage and radio link failure. This can be achieved, if the gNB points out to the UE reference beams, which the UE can monitor on a regular basis. Both, the discovery of emerging beams and the monitoring of active and candidate beams can be done on the basis of periodic beam sweeps provided by the gNB.
The gNB provides two such signals which complement each other, the periodic SS beam sweep and the periodic CSI-RS with cell-specific P1 beam sweep. The SS beam sweep has the advantage that it is always on and the set of involved beams and their sequence does not change over time. This reliability makes it very attractive for UE search algorithms. Due to analog beamforming UEs discover gNB-beams in a multistep process in which various UE-subarrays and directivity patterns are tried out over various gNB-beam sweeps. This requires that the contents of each gNB-beam sweep is the same. 
Another advantage of SS-beams is that they are available to UEs in idle mode. During the process of accessing the system, UE and gNB implicitly establish a beam pair link. However, in an environment of high Doppler-spread the beam pair link may degrade fast and there may be a need to quickly switch to another beam. For that the UE has to provide a beam report at an early stage of the random access procedure (for instance message 3). The UE can provide beam information based on its experience with SS-beams. Principally the UE can also use the beams of the periodic CSI-RS but it will take several CSI-RS bursts until the UE’s beam discovery algorithm will yield useful results and the beam switching procedure would be delayed.
A first disadvantage of SS beams is that they might be wide and even composed of the beams of multiple panels each pointing in a different spatial direction. Further, the SS signal is restricted to a smaller bandwidth than CSI-RS signals resulting in a smaller frequency diversity. A third disadvantage of SS is that it is not always offered frequent enough to provide adequate beam sampling, especially in non-standalone systems, where a burst set periodicity of 160msec is possible. This gap is filled by the above mentioned periodic/semi-persistent CSI-RS signal with a cell specific P1 sweep. This signal will be sent out frequently enough to enable all the UEs of the cell to satisfactorily perform their reporting and monitoring task. 
For the periodic CSI-RS with cell specific beam sweep it is suggested that the gNB will adapt the set of the involved beams and their mapping to time-frequency resources to the loading of the cell. Such an adaptation happens without explicit notification of the UEs. This will make UE algorithms for beam discovery and monitoring more complex and less reliable. More considerations about this topic are provided in section 4.
Best performance is obtained, if UEs take advantage of both signals and furnish reports about the beams of both signals.
Proposal 1: The UE uses beams from SS and periodic CSI-RS with cell specific P1 sweeps as a basis for beam discovery and monitoring. It provides reports on the beams of both signals.
Proposal 2: The UE shall provide a SS-report at an early time during the random access procedure (for example message 3) to enable a fast beam switch if needed.



Details of reports on SS and beam swept CSI-RS for beam management

A unified format for beam reports on SS-blocks and beam swept CSI-RS seems to be a reasonable approach.
The UE can be configured to report RSRP or CQI/PMI/RI together with a beam identifier for the strongest N beams or all beams for which the RSRP exceeds a certain threshold. 
In case the report is based on SS, the beam index is a function of the SS-block number in which the reported beam has been observed, in case of CSI-RS it is computed from the logical symbol number of the sweep and the antenna ports involved in transmission of the beam. 
For triggering a beam report, the UE can be configured to report when a certain events occur, such as the RSRP of an emerging beam exceeds the RSRP of the current control/data beam by a certain specified amount. For this purpose the UE may also compare the RSRP of the emerging beam with the RSRP of the reference beam of the control/data beam. Further the UE can be asked to report based on a DCI trigger.
If multiple gNB-beams are reported, the UE can be provisioned to indicate which subsets of gNB-beams can be received simultaneously for the purpose of achieving (1) a diversity gain or (2) a multiplexing gain. Thereby a beam group based on criterion 2 (beam group of type 2) will be a subset of a beam group based on criterion 1 (beam group of type 1). 
The gNB uses this information in multiple ways. Obviously it supports the gNB in planning MIMO transmissions. Further, beams from the beam group of type 1 can be refined simultaneously during a P2 or P3 sweep. Additionally, if two or more beams from a beam group of type 1 are selected for control or data beams, the gNB can switch between them in a UE transparent manner. This constitutes probably the simplest and most robust beam switch protocol for control beams.
Proposal 3: UE should report about beams of SS and beam swept CSI-RS in a unified format. The report may include RSRP and/or CQI/PMI/RI for several beams and their beam index. The UE can be provisioned to identify beam groups. 
Observation 1: The gNB can use beam group information to plan MIMO transmissions, conduct effective beam refinement and select control and data beams such that a beam switch is transparent to the UE. 

Beam discovery with periodic CSI-RS with cell specific beam sweep
The periodic CSI-RS serves to discover alternate beams and to measure performance of active beams. The gNB will adapt the set of beams used for the sweep to the loading of the cell. Beams will be added or removed and beams may be remapped to different locations. UEs are not notified about these changes as it would be prohibitively expensive. On the other hand, each UE employs a hierarchical beam search which requires the contents of the CSI-RS beam sweep to remain constant over many sweeps. Potentially up to 12 sweeps are necessary which span a time of at least 60 msec. One could now for example restrict the beam changes to occur only every 6th radio frame at a time that lies between two CSI-RS bursts. Then each UE can conduct its beam search during such a “protection interval” of 60msec. But UE would have to delay the start of a beam search to the start of the next protection interval, which his prohibitively long. A better approach is suggested here. The gNB could inform the UE whenever a beam change has occurred by conveying a change indication bit through the CSI-RS waveform for each beam. The UE could then extract the change indication bit from the observation of its reference beam and use it while it hunts for emerging beams. It continues the search as long as the change indication bit does not indicate a change of the beam set of the CSI-RS beam sweep. If at some point a change is indicated, the UE has to interrupt the search and store the beams found at that point. Since their location in time and frequency might have changed from burst to burst it may have to find the new locations of the beams and continue the search algorithm from there. 
Proposal 4: For a periodic CSI-RS with cell specific beam sweep, the waveform of all beams conveys a bit which indicates (by toggling) whether the set of beams has changed 
Observation 2: Restricting the capability of the gNB to modify the beam set improves the performance of the UE hierarchical beam discovery.
Proposal 5: For a periodic CSI-RS with cell specific beam sweep, the gNB shall indicate to the UE so called protection intervals in time during which the beam set of the signal stays constant.
Reference beams for monitoring active beams
The UE has to monitor at least its control and data beam to make RLM measurements, to detect trigger events for beam reporting and to detect conditions relevant for entering beam recovery. Ideally the UE should be able to perform these tasks independently of how often it is scheduled. This can be achieved by associating the control/data beam of the UE each with a reference beam which is part of the SS or periodic CSI-RS beam sweep. The UE can then perform the required measurements on the reference beam(s), which is/are periodically available. Since the procedures are the same for control and data beam we restrict the description to the control beam only. 
In this section it is investigated how well this concept works in terms of using the RSRP of the reference beam to estimate the RSRP of the control beam. The reason for an estimation error comes from the fact that the control beam may be slightly different from the reference beam as both come from different gNB codebooks.
At the beginning of the procedure of establishing a new beam pair link, the UE reports about beams from a P1 beam sweep. The gNB picks a beam from the report and decides to have a P2 refinement around it before it declares it as the new control beam. Further the gNB will point out to the UE that the beam it picked earlier from the P1 report will serve as a reference beam for beam monitoring. The UE will measure the initial difference between the RSRPs of the control and reference beam and store it as a bias b. When it estimates the RSRP of the control beam at a later time it simply adds the bias to the RSRP of the reference beam. The UE should update its bias whenever it has an opportunity to measure the RSRP of the control beam directly, i.e. when the UE is scheduled.
This situation has been simulated with the details outlined in section 6. The cdf of estimation error for the RSRP of the control beam is depicted in figure 1 of section 6. It shows that without updating the bias for 20msec, the 90 percentile of estimation error is less than 3dB and the 96 percentile of the error is less than 5dB. This result has been achieved with a UE speed of 30km/h. If the UE moves with 100km/h the UE would have to be scheduled faster to maintain this performance.
Over time more P2/P3 alignments may be necessary for beam tracking. Then each time the gNB will provide an update of the reference beam.
Observation 3: The RSRP of a reference beam can be used to estimate the RSRP of a control / data beam well with a modest scheduling rate (once in 20msec for UE moving with 30km/h).
Proposal 6:  When the gNB provides the UE with a control beam it also indicates an associated reference beam. It selects the reference beam from the sets of beams used during the SS or CSI-RS beam sweep. The gNB updates the reference beam after each switch or refinement of the control beam 
The remaining problem is concerned with specifying a particular beam as a reference beam within the periodic CSI-RS burst in light of the fact that the gNB may change the time frequency location of a beam from time to time. One approach is to convey a beam-id through the waveform of the beam. However, the performance of such a method becomes poor, if eight antenna ports are frequency multiplexed together and the waveform is already modulated by the change indication bit.  Another approach is of course to not allow the gNB to remap CSI-RS beams to different time frequency locations.
Proposal 7: While the gNB may add new or remove old beams from the periodic CSI-RS with cell specific beam sweep, it shall not change the time-frequency resource of the remaining beams.
 
Simulations
This section presents simulations that show the viability of the concept of a reference beam. UEs have been randomly dropped in cell and initially the gNB conducts a P1 sweep simulating a periodic CSI-RS transmission with cell specific beam sweep. For each CSI-RS beam the UE finds the best rx-beam (in terms of RSRP) from a P3 codebook and finally picks the CSI-RS beam, which will be serving as a reference beam for the control beam established in the next step. Then it is simulated that the gNB offers a P2 sweep around the strongest CSI-RS beam. The P2 sweep is based on a larger codebook that allows fine tuning of the spatial direction of the gNB beam. For details of the codebooks see table 1. The UE selects the best P2 beam as its control beam. It notes the initial difference between the RSRP of the reference beam and the RSRP of the control beam as a bias b. The reference beam is only useful if the trajectory of its RSRP follows that of the control beam. 
As a measure of performance, the cdf of the difference between the RSRPs of the control and reference beam minus the bias b is shown for different time intervals.    
Figure 1 shows the results. The RSRP of reference beam plus the bias b is a good estimator of the RSRP of the control beam.  The estimation error grows over time. Towards 20msec of elapsed time, the 90 percentile shows that an estimation error of less than 3dB. Note that the estimation error can be improved every time the UE is scheduled, as it has an opportunity to recalculate the bias b and a new interval for the time evolution of the estimation error starts. 
Table 1 summarizes the simulation assumptions.
	Carrier frequency
	30 GHz

	UE mobility
	30 km/h speed and random moving direction

	Subcarrier Spacing 
	120kHz

	Total bandwidth
	120 MHz

	Channel Model
	CDL-B (see 3GPP TR 38.900 V1.0.0 table 7.7.1)

	Pre-beamforming RMS delay spread
	100 ns (the “nominal” delay case)

	NB antenna array
	8x4

	UE antenna array 
	4x2

	Polarization
	Cross polarization at both UE and BS

	gNB/ UE antenna boresight orientations
	uniformly distributed in [-60 deg, 60 deg] in azimuth, fixed as 90 deg in elevation

	P1 sweep codebook
	gNB: 8 DFT beams cover [-90 deg, 90 deg] in azimuth

	P2 sweep codebook
	16 DFT beam directions cover [-90 deg , 90 deg ] in azimuth;
3 DFT beam directions cover [90 deg ,120 deg] in elevation

	P3 sweep codebook
	UE: 4 DFT beams cover [-90 deg,90 deg] in azimuth



Table 1: Simulation assumptions


[image: ]
Figure 1. Fluctuation of power gap between reference beam and refined P2 beam minus bias b

Conclusion
Proposal 1: The UE uses beams from SS and periodic CSI-RS with cell specific P1 sweeps as a basis for beam discovery and monitoring. It provides reports on the beams of both signals.
Proposal 2: The UE shall provide a SS-report at an early time during the random access procedure (for example message 3) to enable a fast beam switch if needed.
Proposal 3: UE should report about beams of SS and beam swept CSI-RS in a unified format. The report may include RSRP and/or CQI/PMI/RI for several beams and their beam index. The UE can be provisioned to identify beam groups. 
Observation 1: The gNB can use beam group information to plan MIMO transmissions, conduct effective beam refinement and select control and data beams such that a beam switch is transparent to the UE. 
Proposal 4: For a periodic CSI-RS with cell specific beam sweep, the waveform of all beams conveys a bit which indicates (by toggling) whether the set of beams has changed.
Observation 2: Restricting the capability of the gNB to modify the beam set improves the performance of the UE hierarchical beam discovery.
Proposal 5: For a periodic CSI-RS with cell specific beam sweep the gNB shall indicate to the UE so called protection intervals in time during which the beam set of the signal stays constant.
Observation 3: The RSRP of a reference beam can be used to estimate the RSRP of a control / data beam well with a modest scheduling rate (once in 20msec for UE moving with 30km/h).
Proposal 6:  When the gNB provides the UE with a control beam it also indicates an associated reference beam. It selects the reference beam from the sets of beams used during the SS or CSI-RS beam sweep. The gNB updates the reference beam after each switch or refinement of the control beam 
Proposal 7: While the gNB may add new or remove old beams from the periodic CSI-RS with cell specific beam sweep, it shall not change the time-frequency resource of the remaining beams.
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