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Introduction
Rel-15 NR so far only supports limited functionalities for beam management in FR2 including general DL beam management procedures (P1, P2 and P3) and UL beam management procedures (U1, U2 and U3) as agreed in RAN1 #86 and #86b [1][2], respectively.
 
	Agreements:
· The following DL L1/L2 beam management procedures are supported within one or multiple TRPs:
· P-1: is used to enable UE measurement on different TRP Tx beams to support selection of TRP Tx beams/UE Rx beam(s)
· For beamforming at TRP, it typically includes an intra/inter-TRP Tx beam sweep from a set of different beams
· For beamforming at UE, it typically includes a UE Rx beam sweep from a set of different beams
· FFS: TRP Tx beam and UE Rx beam can be determined jointly or sequentially
· P-2: is used to enable UE measurement on different TRP Tx beams to possibly change inter/intra-TRP Tx beam(s)
· From a possibly smaller set of beams for beam refinement than in P-1
· Note: P-2 can be a special case of P-1
· P-3: is used to enable UE measurement on the same TRP Tx beam to change UE Rx beam in the case UE uses beamforming
Agreements:
· UL beam management is to be further studied in NR
· Similar procedures can be defined as DL beam management with details FFS, e.g.:
· U-1: is used to enable TRP measurement on different UE Tx beams to support selection of UE Tx beams/TRP Rx beam(s)
· Note: this is not necessarily useful in all cases
· U-2: is used to enable TRP measurement on different TRP Rx beams to possibly change/select inter/intra-TRP Rx beam(s)
· U-3: is used to enable TRP measurement on the same TRP Rx beam to change UE Tx beam in the case UE uses beamforming


 
For all three types of beam measurement and reporting, i.e. periodic, semi-persistent and aperiodic, Rel-15 NR design focuses on the basic NW controlled behavior. We list some important agreement in RAN1 regarding the beam measurement and reporting [3][4]

	Agreement:
· Support configuration of SSB for a UE to measure and report one or more L1-RSRP(s) 

Agreement:
· For non-grouping based beam reporting, support the following reports parameters:
· Maximal number of configured Tx beams for beam measurement: K equals 64
· Maximal number of configured Tx beams to be reported in one instance: N_max = 2, 4 where a subset of N (N<=N_max where N = 1, 2, 4) beams can be selected by the gNB and indicated to the UE (FFS signaling mechanism)
· Reporting differential L1-RSRP when multiple beams are reported in one reporting instance. Reference is the largest L1-RSRP in that reporting instance. FFS other reference for differential reporting. 
· FFS applicable reporting channels and number of beams, and associated reporting contents 
· FFS: the UE adjusts the L1-RSRP of multiple RS resources according to the power offset between them
· Bit-width: 7bit for L1-RSRP ranging from -140dBm to -44dBm with 1dB stepping size (analogous with LTE) and 4bit for differential L1-RSRP 
· FFS stepping size of differential quantization 

Agreement:
NR supports the following configurations for beam management where a resource set is formed from multiple beam management CSI-RS resources and is contained within a resource setting:
Single resource set with repetition = “OFF”
UE reports CSI-RS resource indicator(s) within this resource set for CRI feedback
Single resource set with repetition = “ON”
UE does not report CRI
FFS: Further support additional configuration by down selection from the following two alternatives:
(a) Multiple resource sets, all with repetition = “ON” 
UE reports CSI-RS resource set indicator(s) for CRI feedback
· FFS: Whether set ID(s) are local within a resource setting or global across all resource settings
(b) Multiple equal-size resource sets, all with repetition = “OFF”
UE reports distinct local CSI-RS resource indicator(s) within one or more resource sets. The UE can assume that the gNB applies the same Tx beams in the same order for each of the sets

Agreement
· Support L1-SINR measured from
· For signal part, SSB and/or NZP CSI-RS
· FFS: For interference part
· Companies are encouraged to provide simulation results on how to measure/define L1-SINR, e.g. whether interference is measured from dedicated IMR
· For example, take Rel-15 L1-RSRP and/or SINR specified in 38.215 as a comparative reference for evaluation purposes





The main purpose of beam measurement and reporting is to track the beam change due to various reasons, such as UE movement, UE rotation, obstacle passing by, etc. Therefore, beam measurement and reporting have the following requirement

1. Minimize the overhead for both DL/UL reference signals and corresponding UL/DL measurement report
2. Fast response and robust to various mobility situations 

With the above requirements in mind, we discuss some of the techniques that could be used to improve the beam measurement/reporting response time and/or reduce the overhead of reference signals/UE reporting.
UE Event Based Aperiodic Beam Measurement Reporting
When periodic or semi-persistent reference signals (CSI-RS, or SSB) are configured, the simplest solution is for UE to make measurement report periodically. However, this approach has the following limitation,

1. It is hard for the gNB to optimally configure the periodicity of reference signals and report as gNB has less knowledge about the actual mobility situation compared to UE.
2. To ensure robust beam management, frequent reference signals and reports are needed which can cause unnecessary overhead.
3. Frequent periodic measurement reporting can also negatively impact the UE power consumption

On the other side, event based measurement report mechanism has been proved to effectively maintain good mobility service for LTE/UMTS etc. and thus deserved to be visited for beam mobility maintenance. While previous RATs, such as UMTS and LTE, focuses on the cell level mobility management, beam management can be viewed as the beam level mobility where similar concept can be applied in order to reduce the overhead while ensure robust mobility performance.   

For event based aperiodic beam measurement reporting, UE only triggers mobility event report when certain predefined condition is met. Below are a few examples of the mobility even used in LTE and UMTS

LTE
1. Event A1: Serving cell becomes better than threshold
2. Event A2: Serving cell becomes worse than threshold
3. Event A3: Neighbor cell becomes offset better than PCell
4. Event A4: Neighbor cell becomes better than threshold
UMTS
1. Event 1a: a cell enters the reporting range, i.e. add a cell to active set.
2. Event 1b: a cell leaves the reporting range, i.e. removed a cell from active set.
3. Event 1d: Neighbor cell becomes offset better than PCell.
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[bookmark: _Ref498330851]Figure 1: UE Event Based Aperiodic Beam Measurement Reporting
Figure 1 illustrates the event based measurement reporting compared to periodic report. Assuming NW configures periodic measurement resources (SSB or CSI-RS). The baseline operation is for UE to make the periodic measurement report in order to track the beam change. Note that, due to the un-predictableness of the beam change, a frequent beam reporting is needed in order to ensure the robustness of the beam management as shown by red arrows in Figure 1. Assuming UE desirable receive beam changes due to, e.g., device rotation, UE can detect the change via periodic measurement. Only when the beam change is detected, or certain event is detected, UE is required to report the measurement as shown by green arrows. Clearly, event based measurement can reduce the reporting overhead while maintaining the same robustness of the beam management. Therefore, we propose the following

Proposal 1: NR to support UE event based aperiodic beam measurement reporting.
FFS: the detailed events and configurations
UE Assisted Beam Management Procedure 
One important role of periodic/aperiodic beam measurement report is to allow gNB to (1) monitor beam pair(s) quality and (2) adjust beam pair(s) by triggering beam management procedures when needed. So far, the triggering and configuration of the beam management procedure, i.e. P1/P2/P3 or U1/U2/U3, is a gNB decision without much UE direct input on which procedure is preferred. Beam changes typically are resulted from UE movement, rotation, blockage (e.g., hand, body or surrounding). UE can utilize various reference signals, measurements or even sensors to detect beam changes, and may figure out causes and preferable actions of such changes. Therefore, it is beneficial to allow UE assisting gNB to configure beam management procedure via, e.g., beam measurement report or other events. 

Figure 2 illustrates the usefulness of the UE assisted beam management procedure. Assuming that due to the device rotation, the existing Rx beam quality deteriorates and the desirable Rx beam changes and requires an adjustment. From the gNB side, gNB may only observe the Rx beam quality deterioration from the UE measurement report. In order for gNB to discover the new optimal beam pair, gNB may configure P2 operation as shown in Figure 2. This will cause unnecessary delay and increase overhead in the beam management. On the other side, UE may quickly detect Rx beam degradation as the cause, e.g., switching to wide Rx beam width, and then UE can feed back this relevant information to help gNB decide a P3 procedure.   
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[bookmark: _Ref498332334]Figure 2 UE Request Beam Management Procedure

Similar to the measurement report, such a UE report to assist the beam measurement procedure can be either L1 based or event triggered with predefined triggering conditions. One distinct aspect is that these UE reports should have implications on UE preferable beam management procedures.    

Proposal 2: NR to support UE report to assist gNB configuring and triggering beam manage procedure (P1/P2/P3/U1/U2/U3)
· FFS: (1) Detailed channels/mechanism to send such report from UE and (2) detailed events and triggering conditions

For both P1 and P3 procedure, UE needs to perform Rx beam sweep. The number of Rx beams that UE need to sweep may not be known at the gNB or may change dynamically. There can be multiple reasons for UE to prefer sweeping different number of Rx beam, for example, some of the antenna panel could be blocked by the hand, etc. Similarly, for UL beam management, UE Tx beam sweep is required for U1/U3 procedure. It is beneficial for UE to request the number of resource for P3/U3 (P1/U1) beam management procedure. Therefore, we propose

Proposal 3: NR to support UE request for the number of resources for P3/U3 (P1/U1) beam management procedure
UE Request to Change the Configurations of Periodic and Aperiodic Beam Measurement/Reporting 
As we discussed before, for periodic and semi-persistent beam measurement, periodic and semi-persistent resources should be configured. In order to ensure robust beam management and respond to the beam change promptly, gNB has to configure sufficiently frequent measurement resources with respect to the worst case of mobility.

Typically, UE has better knowledge about its mobility, channel condition, etc. Allowing UE to request beam measurement and reporting configurations can potentially improve the robust of the beam management while minimizing the overhead of the reference signals and measurement report. It is up to gNB to modify/activate/deactivate measurement configurations upon reception of UE request.

For periodic and semi-persistent measurement, UE can request to change the periodicity as illustrated in Figure 3. In this example, UE is initially configured with beam measurement resource with short periodicity. The short periodicity is needed when UE is in high mobility, while longer periodicity is enough when UE has low mobility, or semi-static. Generally speaking, device is able to detect the mobility status change faster than gNB. Therefore, UE can request to change the periodicity of the reference signals, i.e. make it longer, in order to save the overhead as well as to reduce the measurement reports as shown in Figure 3.
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[bookmark: _Ref498333774]Figure 3 UE request to change the periodicity of the periodic/semi-persistent beam measurement
For aperiodic event triggered measurement reporting, UE can request to activate and deactivate of certain events, as well as the configuration (TTT, hysteresis, offset etc.) of the event. Figure 4 illustrates that UE can request to active the new event. 
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[bookmark: _Ref498334636]Figure 4 UE request to activate/deactivate event triggered measurement reporting and its configurations
Proposal 4: NR to support UE request for the preferred configuration of periodic and aperiodic beam measurement/reporting
Enhancing UL Tx beam sweep
In the Rel-15 beamforming framework, a gNB can control a UE’s SRS Tx beam through the spatial relation configuration, which defines the Tx beam relative to a reference RS. In the absence of a configured spatial relation, there is no gNB/UE coordination on which UE Tx beam to sweep.

Beam correspondence at the UE is desirable to improve beamforming efficiency. However, beam correspondence at the UE can only be achieved within a tolerance given the complexity of RF front end design and the associated calibrations. RAN4’s studies on the beam correspondence requirement clearly indicate that the deviation from ideal beam correspondence (i.e., non-zero tolerance) can be significant. We illustrate this impact in Figure5: In Figure 5(b), a UE with beam correspondence is configured with an SRS resource that has a spatial relation to the DL RS measured in Figure 5(a). However, the Tx beam determined through correspondence may not point in the optimal direction.

To mitigate the beam correspondence error, the UE in Figure 5(c) is configured with a small set (e.g. 2 in Fig. 5c) of SRS resources with the same “spatial relation” to the reference RS, such that some SRS resources can use different Tx beams than those determined through beam correspondence. By sweeping this expanded set of SRS resources, the gNB can find the best UE Tx beam and signal the UE appropriately. This mechanism can effectively resolve error stemming from beam correspondence at the cost of a limited beam sweep around the candidate direction. 

[image: ]  

	(a) DL RS measurement
	(b) Using DL Rx beam as UL Tx beam with BC error
	(c) Configure 2 SRS with a same spatial relation to DL RS but different Tx beams, and sweep these SRS to resolve BC error

	Figure 5. Enhancing UL Tx beam sweep with partial beam correspondence



Proposal 5: NR to configure multiple SRS resources with different Tx beams corresponding to a same reference RS (e.g. SSB, CSIRS or SRS).
Beam Sweep over Slot Aggregation
In many scenarios, a UE can be in fast but local motion (e.g. small range rotation, waving) or in a frequently changing environment such that a beam may get blocked and unblocked over a small time-scale. This creates a challenge for a FR2 UE to maintain a robust link (i.e., beam direction). Resolving such scenarios with more frequent beam measurement and report may not succeed, and will add network overhead. Instead, we propose to use multiple Tx/Rx beams for the same PDSCH/PUSCH over multiple consecutive slots, when the likelihood of beam-pair between gNB/UE being suboptimal is high. This is analogous to transmit selection diversity when there is no or partial Tx CSI in conventional MIMO schemes.

Multi-slot aggregation for PDSCH and PUSCH are supported by configuring aggregationFactorDL and aggregationFactorUL respectively. In the Rel-15 DCI design, only 1 Tx/Rx beam can be used for both PDSCH or PUSCH even when they are transmitted over multiple slots. Extending the Tx/Rx beam signaling for multi-slot PDSCH and PUSCH enables sweeping beams over each slot. Although such a diversity-based transmission may not improve the overall throughput, it does reduce the outage time and improve QoS for certain applications.

Beam sweep over slot aggregation is applicable even when there is only 1 TRP or 1 antenna panel at UE – it allows the UE to sweep multiple to recover from stale beams. The beam sweep can be performed in various ways, including Tx beam sweep, Rx beam sweep, and both Tx/Rx beam sweep. RAN1 should study all the use cases and the corresponding design for a better understanding.
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	(a) Multi-slot PUSCH with only Tx beam sweep with multiple panel
	(b) Multi-slot PUSCH with both Tx/Rx beam sweep with single panel

	Figure 6. Beam sweep for multi-slot PUSCH



Proposal 6: NR to configure multiple transmit/receive beams with uplink and downlink slot aggregation

Beam management based on interference management
In RAN1 #94bis and RAN1-AH-201901 meeting, further progress has been made in order to support the multi beam operation for Rel-16 NR with the following agreement [5, 6, 7].

	Agreement
· L1-SINR is supported. L1-RSRQ is not supported.
· Companies to study and provide definition of L1-SINR
· Study the reporting content, e.g.
· Whether CRI/SSBRI is reported
· Whether differential group/non-group reporting is applied
· Whether L1-RSRP is reported
· Study the interference measurement mechanism

Agreement
· Support L1-SINR measured from
· For signal part, SSB and/or NZP CSI-RS
· FFS: For interference part
· Companies are encouraged to provide simulation results on how to measure/define L1-SINR, e.g. whether interference is measured from dedicated IMR
· For example, take Rel-15 L1-RSRP and/or SINR specified in 38.215 as a comparative reference for evaluation purposes




	Agreement
For L1-SINR, interference can be measured based on dedicated resource(s) for interference measurement.
· FFS: UE assumes interference signal on the REs of the RS for signal part and REs for dedicated resource(s) for interference measurement similar to specified in 38.214
· FFS: whether resource(s) for interference measurement can be NZP based or ZP based or both
FFS: whether/how to reuse NZP CSI-RS resource(s) configured for channel measurement as resource(s) for interference measurement



There are two different sources of interference in the network:
· Inter-cell interference that comes from adjacent cells.
· When there is simultaneous multi-Tx beam to multi-UE in DL (e.g. multiple TRP, or multiple array/subarray at gNB) in the same cell, there is also intra-beam interference. 

The different sources of interference impact the receiver performance differently and should be measured and reported accordingly.
· Adjacent cell will use different Tx beam, one pointing to a scheduled UE (and the corresponding direction) at a time. Therefore, inter-cell interference will have a large dynamic range and should be measured properly (e.g. averaged across time). A periodic ZP-IM-CSIRS would be sufficient for such a measurement.
· Intra-beam interference comes more often between a group of UEs that can be simultaneously beamformed (e.g. with sufficient spatial separation). The interference characteristics is relatively more static across time. A more advanced receiver may prefer the instantaneous channel information of the interfering beams for further performance optimization. In such a case, a periodic or aperiodic NZP-IM-CSIRS may be more preferred.

Proposal 7: Periodic ZP-IM-CSIRS shall be used for interference measurement, FFS aperiodic NZP-IM-CSIRS for advanced receiver.
Conclusions
Beam measurement and reporting is one the most important steps of beam measurement procedure. In order to ensure the robust and efficient beam management, beam measurement and reporting has the following requirement

1. Minimize the overhead for both DL/UL reference signals and corresponding UL/DL measurement report
2. Fast response to the mobility situation 

With the above requirements in mind, this contribution discusses some of the techniques that could be used to improve the beam measurement/reporting response time and/or reduce the overhead of reference signals/UE reporting. We have the following proposals

Proposal 1: NR to support UE event based aperiodic beam measurement reporting.
FFS: the detailed events and configurations

Proposal 2: NR to support UE report to assist gNB configuring and triggering beam manage procedure (P1/P2/P3/U1/U2/U3)
· FFS: (1) Detailed channels/mechanism to send such report from UE and (2) detailed events and triggering conditions

Proposal 3: NR to support UE request for the number of resources for P3/U3 (P1/U1) beam management procedure

Proposal 4: NR to support UE request for the preferred configuration of periodic and aperiodic beam measurement/reporting

Proposal 5: NR to configure multiple SRS resources with different Tx beams corresponding to a same reference RS (e.g. SSB, CSIRS or SRS).

Proposal 6: NR to study configure multiple transmit/receive beams with uplink and downlink slot aggregation

Proposal 7: Periodic ZP-IM-CSIRS shall be used for interference measurement, FFS aperiodic NZP-IM-CSIRS for advanced receiver.
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