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1. Introduction
In terms of beam management procedures [1], [2], the following agreements were made in [3] on three types of procedures (labeled P-1, P-2 and P-3). 
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 a 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
· Strive for the same procedure design for Intra-TRP and inter-TRP beam management
· Note: UE may not know whether it is intra-TRP or inter TRP beam 
· Note: Procedures P-2&P-3 can be performed jointly and/or multiple times to achieve e.g. TRP Tx/UE Rx beam change simultaneously
· Note: Procedures P-3 may or may not have physical layer procedure spec. impact
· Support managing multiple Tx/Rx beam pairs for a UE
· Note: Assistance information from another carrier can be studied in beam management procedures
· Note that above procedure can be applied to any frequency band
· Note that above procedure can be used in single/multiple beam(s) per TRP 
Note: multi/single beam based initial access and mobility treated within a separate RAN1 agenda item. 
The focus of this contribution is to elaborate and specify requirements and considerations on beam sweeping, tracking and management procedures. 
2. Beam sweeping/refinement procedures 
Multiple types of beamforming vectors (e.g., broad/narrow directional beams, multi-directional beams, beams designed for interference management, etc.) can be used to scan at both the eNB and UE sides. The eNB side usually has multiple antenna ports with each port contributing a beam and using mutually orthogonal waveforms. This allows the UE to simultaneously evaluate multiple beams over a single symbol by filtering out the corresponding waveform. In addition, if the UE has multiple RF chains, Tx/Rx beam pair evaluation can be accelerated proportionate to the number of RF chains. 
2.1 Beam sweep sequences 
In the case of beam sweeping (P-1 procedure) and beam refinement (P-2 and P-3 procedures), both eNB and UE side sweeping/refinement should be considered since significant performance improvement can be realized with sweeping/refinement at both ends. Nevertheless, as will be argued next, sweeping/refinement could also be constrained at either end to cater to specific purposes. 
In particular, let the number of beams to be scanned at the eNB side be NB and let the number of beams to be scanned at the UE side be NU with NB ≥ NU. Multiple options/types of sweeping sequences amenable to this asymmetry can be considered. While these options are illustrated below via a sequence of 12 beam pair combinations, generalization to other numbers is not precluded. Furthermore, during the same time interval, more beam pair combinations can be evaluated by shortening the symbol duration using scaled NR numerology. The sequences below can be transmitted on the downlink and/or uplink. The sequences may be repeated as needed with different sets of beams for RSRP improvement, subarray scanning, subarray diversity combining, etc.
● Option 1: In the first type of beam sweep sequence amenable to the P-1 procedure (illustrated in Example Figs. 1a and 1b), multiple candidate beams are evaluated at the eNB and UE sides. Both eNB side as well as UE side beam sweeping/refinement are possible with these types of sequences. In Example Fig. 1a, the eNB beam remains fixed over a contiguous set of symbols as the UE cycles through its beams. On the other hand, in Example Fig. 1b, the UE beam remains fixed over a contiguous set of symbols as the eNB cycles through its beams. Both sequences will yield the same performance, but for the example in Fig. 1b, the UE has to perform only 3 beam switches during the entire sequence. On the other hand, in the example in Fig. 1a, the UE has to switch its beam 9 times. Therefore, in the spirit of reducing UE complexity (at the expense of eNB complexity), the example in Fig. 1b is preferable.
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Example Figure 1a: eNB scans through the same beam over four symbols (illustrated with the same color) as the UE beam changes from symbol to symbol over the sequence. 
Rx/Tx
UE4
UE4
UE4
UE3
UE3
UE3
UE2
UE2
UE2
UE1
UE1
UE1







Tx/Rx
eNB2
eNB3
eNB3
eNB2
eNB2
eNB1
eNB1
eNB1
eNB2
eNB3
eNB3
eNB1


Example Figure 1b: UE scans through the same beam over three symbols as the eNB beam changes from symbol to symbol over the sequence. 
● Option 2: In the second type of beam sweep sequence amenable to the P-2 procedure (illustrated in Example Fig. 1c), the eNB round-robins through its beams while the UE keeps its beam fixed. For example, the UE might use a directional beam or a low gain pseudo-omni beam that has an approximately flat beam pattern in beamspace. This sequence is also amenable for quick eNB beam refinement or beam recovery, as noted in Sec. 2.4. 
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Example Figure 1c: eNB scans through 12 different beams (illustrated with different colors) as the UE beam remains fixed over the sequence. 
● Option 3: In the third type of beam sweep sequence amenable to the P-3 procedure (illustrated in Example Fig. 1d), the eNB beam is kept fixed as the UE round-robins through all or some of its beams. This type of sequence may be useful for a quick scan through different subarrays at the UE side. 
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Example Figure 1d: eNB keeps the same beam (illustrated with the same color) as the UE beam changes from symbol to symbol over the sequence.
Proposal 1: Different types of beam sweep sequences for different levels of beam refinement at eNB and UE sides should be considered. 
Proposal 2: Sequences that keep the number of UE beam switches per time unit as small as possible should be prioritized.  
2.2 Signaling between UE and eNB
Analog/hybrid beamforming requires that both the transmitter and the receiver should decide ahead of the beam sweeping interval which beams they will apply for which symbol. The decision for the choice of the beam sequence will be made by one entity (either the eNB or the UE). It is advantageous to signal this choice to the other entity, as this would speed up the beam pair evaluation and improve the effectiveness of the entire procedure.
For example, the eNB can inform the UE ahead of time, which eNB beams will be used and the UE can decide which of its subarrays and beams it plans to use. The eNB beams may be identified as new or as being similar to eNB beams the UE has encountered in the past. For the latter case, in the past the UE may have found an appropriate Rx beam and subarray. The UE may use this knowledge for deciding which beams/subarrays it wants to use during the upcoming beam sweep sequence.
Additional consideration should also be placed on appropriate latencies necessary for the UE beams to be set up based on eNB signaling. 
Observation: Beam sweeping sequences become more effective, if eNB and UE know about the sequence of beams ahead of time. 
Proposal 3: Signaling of the beam sequence prior to the transmission of the beam sweeping interval should be considered. The lead time of such signaling should be chosen in consideration of the UE beam switching latencies.
2.3 Beam sweep measurement reporting 
In terms of measurements made in the beam sweeping/refinement procedures at the receiver side, multiple options can be considered. 
● Option 1: RSRP and/or RSRQ measurements across either the entire band or sub-bands are useful. 
● Option 2: Complex-valued signal comparisons (ratios/differences) across multiple beam candidates on different panels/polarizations are useful in combining beams. A typical example of this metric is the relative phase difference between the post-beamformed received signal with multiple beam candidates. Such combining effectively improves the energy in rank-1 transmissions by coherent combining across panels/polarizations. Additionally, such complex-valued signal comparisons could also assist in multi-directional/coherent beamforming in higher-rank transmissions. Thus, this feedback should be considered in NR. 
● Option 3: Generalizing Options 1 and 2, one could also consider the (short-term or long-term) covariance matrix of the post-beamforming received signal vector across different ports/RF chains and report (quantized) entries of this matrix to the eNB to assist in beamforming. 

We make the following proposal. 
Proposal 4: NR should consider the possibility of feedback of wideband/sub-band based RSRP, RSRQ, complex-valued signal comparisons across multiple beam candidates (e.g., relative phase differences), short-term or long-term covariance matrix of post-beamforming received signal vector across different ports/RF chains, etc. in response to different beam sweeping/refinement procedures. Other feedback mechanisms as well as measurement reports are not precluded. 
2.4 Beam recovery 
Beam sweep measurement reports will form the basis for the decision which beam pairs the eNB and UE will use for maintaining a link. Different beam pairs may be used for control signaling and data communications. From time to time, these beam pairs have to be switched. The signaling of such decisions has to be strongly protected against errors so that the eNB and UE assumptions about the current beam pairs are not falling out of synchronization. Nevertheless, such a situation might occur with a small probability. Further, a link maybe be lost abruptly due to sudden/abrupt blocking of dominant clusters/paths in the channel, UE mobility, etc. 
Consider the scenario where the performance of the beam pairs for the control channels may have degraded unexpectedly, but still perform satisfactorily. On the other hand, the beam pairs for data communications may have become useless. NR should consider recovery mechanisms for such scenarios as well as other similar scenarios. 
Proposal 5: Study of beam sweep sequences and techniques amenable to beam recovery should be considered in NR. 
Quick recovery mechanisms capitalizing on the still satisfactory performance of the beam pairs for control channels to recover the beam pairs for data link should be studied. The goal here is to avoid the burden and communication interruption associated with the entire initial acquisition procedure. Beam sweep sequences such as those in Example Fig. 1c are amenable to such scenarios as they allow to find useful beam pairs in a short period of time.
Additional considerations should also be paid to the use of wider/broader beams in control channels that trade off peak beamforming gain for robustness across a large angular spread thus preventing/slow down its loss due to issues such as blockage. Hierarchical beam design in the context of beam recovery is also important. Fall back/Recovery mechanisms based on co-existing lower frequency carriers should not be precluded.  
3. Proposals  
Based on the above discussion, the following observations and proposals are made in this contribution: 
Proposal 1: Different types of beam sweep sequences for different levels of beam refinement at eNB and UE sides should be considered. 
Proposal 2: Sequences that keep the number of UE beam switches per time unit as small as possible should be prioritized.  
Observation: Beam sweeping sequences become more effective, if eNB and UE know about the sequence of beams ahead of time. 
Proposal 3: Signaling of the beam sequence prior to the transmission of the beam sweeping interval should be considered. The lead time of such signaling should be chosen in consideration of the UE beam switching latencies.
Proposal 4: NR should consider the feedback of following quantities:
· Wideband/sub-band based RSRP, RSRQ, 
· Complex-valued signal comparisons across multiple beam candidates (e.g., relative phase differences)
· Short-term or long-term covariance matrix of post-beamforming received signal vector across different ports/RF chains, etc. in response to different beam sweeping/refinement procedures. 
· Other feedback mechanisms as well as measurement reports are not precluded. 
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