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Introduction
In 3GPP RAN1#86 meeting, beam management procedures were discussed and three procedures were agreed to be supported:
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 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

In addition, RAN1 agreed to study beam management procedures under different channel reciprocity assumptions and study different methods of determining Tx/Rx beams:
Agreements:
· Consider different channel reciprocity assumptions in beam management procedures 
· At a TRP or UE, with TX and RX channel reciprocity (full or partial) (e.g., beam reciprocity), TX beam (or RX beam) can be obtained from RX beam (or TX beam) to reduce overhead and latency
· Without TX and RX channel reciprocity, beam management procedure may require TX and RX beam sweeping in both DL and UL links
· RAN1 study different methods of determining Tx and Rx beam(s) for communication on one link direction (uplink or downlink), e.g.,
· Joint determination: Tx beam and Rx beam are determined jointly
· Separate determination: Tx beam or Rx beam are determined sequentially. 
· Multi-stage determination: for instance, coarse Tx-Rx beam determination followed by fine Tx-Rx beam determination
· Study beam management procedure with and without explicit signaling of beam(s) or beam group(s) used for transmission

In this contribution, further details of TX/RX beam determination, or beam training would be discussed.

Beam training design
By beam training, a TRP or a UE determines its TX beam for transmission and/or RX beam for reception. In one link direction, signal transmitted with a TX beam propagates through a specific path, and the receiver has to use a corresponding RX beam to receive signal from the path. A change in TX beam may lead to change of optimal RX beam. Therefore, in the procedure of beam training, UE or TRP has to determine a pair of TX beam and Rx beam.
1.1. Multi-stage beam training
A TRP determines its TX beam based on uplink measurement or UE reporting. The former is only possible when certain degree of channel reciprocity holds at TRP side. When channel reciprocity is not valid at TRP, TRP has to rely on UE reporting to determine its TX beam. To enable beam training, a TRP needs to send a set of beam training signal, each from one candidate TX beam. UE measures the beam training signal and selects the best TX beam and corresponding RX beam. The index of the best TX beam  is reported to network.
Basically, two factors shall be taken into account in the design of beam training. First, the beam training signal shall be able to cover all UEs within the TRP coverage so that each UE can receive signal from at least one beam with sufficient quality. Second, the beam training procedure should provide sufficiently high spatial resolution to fully explore the benefit of beamforming with large antenna array. Bearing these in mind, the training signal shall be sent in all possible beam directions with high resolution. The number of candidate beams may be very large considering the number of antenna elements and required oversampling factor to achieve high spatial resolution. Sending a beam training signal from each candidate beam would be a resource demanding approach. 
Multi-stage beam training is a promising solution to achieve high spatial resolution without incurring too much training overhead. The first stage, a TRP sends training signal with low spatial resolution but with sufficient coverage. For example, oversampled 2D DFT beams are used as the beamforming weight. The first stage beam training could use the 2D DFT beams with low resolution, e.g., oversampling factor 1 or 2. The first stage can even consider using wide beam to further reduce the number of beam training signal.
UE reports preferred TX beams based on measurement of the first stage beam training signal. The report provides TRP rough beam information toward the UE. If TRP deems it necessary to acquire accurate beam information, the second stage beam training can be carried out. In the second stage, the beam training signals are chosen based on the information obtained in the first stage. For example, a set of high resolution narrow beams are generated around the rough beam direction obtained in the first stage. If the first stage uses DFT beam with oversampling factor 1 or 2, the second stage training signal could be transmitted around the first stage beam with high resolution, e.g., oversampling factor 4 or 8. If the first stage uses wide beam for training, the second stage training signal could be transmitted with narrow beam within the coverage of the preferred first stage beam. 
The first stage training signal could be TRP-specific and periodic. The second stage beam training signal could be transmitted UE-specifically and aperiodically. TRP can trigger the second stage beam training whenever necessary. An example of multi-stage beam training is shown in Figure 1. Sixteen high resolution candidate beams are numbered from 0 to 15 according to beam direction. The first stage beam training signal is transmitted periodically with beam 0, 4, 8 and 12. UE measures the first stage training signal and report a preferred TX beam to TRP, say, beam 4. When necessary, TRP triggers and transmits second stage training signal around beam 4, i.e., beam 3, 4, 5, 6. Based on UE reporting in second stage, TRP gets accurate beam information for data transmission.

Figure 1: Multi-stage beam training
Proposal 1:
· NR should support multi-stage beam training procedure.
Beamforming, especially by large antenna array, may change the large scale parameters, such as average delay, delay spread, etc. Therefore, even training signal transmitted from the same TRP cannot always be assumed to be QCL with each other. Two distinct beam training signal propagate along different path, and they would have different large scale parameters. Generally, beam training signal of different stages are correlated, i.e., TX beams of the second stage are obtained from the first stage. If information of this correlation between different stages is indicated to UE in the form of QCL assumption, it is possible for UE to exploit the correlation to simplify the training procedure. For example, an instance of the second stage training signal is indicated to be QCL with one of the first stage TX beam (training signal), the UE could employ RX beams corresponds to the indicated TX beam without testing RX beams.
Proposal 2:
· RAN1 should study QCL assumptions between training signals of different training stage.
1.2. Joint and separate TX/RX beam training
In the beam training procedure, UE needs to determine its own RX beams in addition to TX beams of TRP. The beam training signal design shall consider UE’s need to test different RX beams. 
With analog or hybrid beamforming at UE side, UE can only test one analog beam at a time. Therefore, the training signal shall meet the requirement of RX beam training. A straightforward way of RX beam training is to repeat training signal of every TX beam multiple times so that the UE could test and select proper RX beams. By receiving these training signal, UE could determine preferred TX beams and corresponding RX beam jointly. Joint TX/RX determination offers the best performance, but it will lead to large number of beam training signal. Assume TRP has NTX TX beams, and UE has NRX RX beams to test, then the total beam training signal shall be at least NTXxNRX. In a typical large antenna array system, such beam training signal occupies a great amount of system resource.
In multi-stage training, joint TX/RX beam determination could be used in the first stage of training. For example, training signal is transmitted periodically, and in each period each TX beam’s training signal is transmitted one time. UE could test different RX beams by switching RX beams in different period of training signal. Training signal of each beam can also be repeated multiple times within each period, then UE could test candidate RX beams within one period. To maintain training overhead, the period of the latter approach shall be set NRX times of the former one. In the first stage, the overhead could be controlled by limiting the number of candidate beams.
Observation:
· Joint TX/RX beam determination could be used in the first stage of multi-stage training.
Alternatively, TX beams and RX beams can be determined separately. To be specific, UE determines preferred TX beam with an assumed RX beam so that the training signal design for TX beam selection does not need to consider RX beam training. For RX beam determination, TRP transmits additional RX beam training signal. The RX beam training signal can be transmitted with beams recommended by UE. By receiving the RX beam training signal, UE could select its own RX beam. As the training signal is transmitted with preferred TX beam, the UE selected RX beam could properly receive signal transmitted by the preferred TX beam, i.e., a reasonable TX/RX beam pair is acquired. Separate TX/RX beam determination could be used in the second stage of training to get accurate beam information.
Observation:
· Separate TX/RX beam determination could be used in the second stage of multi-stage training.
The RX beam and TX beam training can be carried out iteratively to successively update the TX beam and RX beam. TRP and UE maintain a best TX beam and RX beam individually. In the TX beam training phase, the TRP sends beam training signal around the best TX beam and UE receives the training signal with its best RX beam. UE reports recommended TX beam based on the training signal and TRP adjusts the best TX beam based on UE reporting. In the RX beam training phase, the TRP sends RX beam training signal with the best TX beam and UE receive the training signal with candidate RX beams and possibly selects a new RX beam and updates the best RX beam. The TX beam training phase and RX beam training phase can be controlled by TRP and carried out alternatively. The best TX beam and RX beam would therefore continuously be updated and approach the optimal TX and RX beam. The procedure could be illustrated with example shown in Figure 1. 

Figure 2: Iterative update of TX and RX beam
Proposal 2:
· Joint and separate TX/RX beam training are supported in NR.

1.3. Beam grouping for robustness
TX beam and RX beam are sensitive to UE movement, rotation and blockage, etc. To improve robustness of beamforming against these factors, multi-beam transmission was proposed, e.g., multi-beam diversity, or multi-beam multiplexing.
To facilitate multi-beam transmission, in beam training procedure, UE needs to recommend more than one TX beams. CSI measured on these beams perhaps is also needed to report. If there is no constraint on the TX beams that UE recommends, it is likely that those recommended TX beams are highly correlated. That is, the direction of those recommended beams are close to each other. This is especially the case when high spatial resolution beam training signal is transmitted. When one of the recommended TX beam is blocked, it is highly possible all those recommended beams are blocked. Thus the transmission reliability or robustness cannot be guaranteed as expected. The situation is illustrated in Figure 3. Two TX beams are recommended by UE, and unfortunately the two TX beams travels along the same path. If one beam pair fails due to sudden blockage, it is highly probable that the other beam also fails. 

Figure 3: Illustration of correlation between recommended TX/RX beams
To overcome this problem, the beam training signal can be simply grouped according to spatial correlation. TX beams with correlation greater than a threshold are put into one group. Then UE is required to select TX beams from different groups, that is, at most one TX beam can be recommended from one TX beam group. An example is shown in Figure 4. Two TX beam groups are shown in Figure 4 (Other TX beams are omitted for simplicity). UE recommends one TX beam from one group. With proper grouping, TX beams with sufficient spatial separation can be achieved to guarantee robustness or reliability.

Figure 4: TX beam selection with TX beam group constraint
 
Proposal 3:
· Mechanism to guarantee independence of recommended TX beams shall be supported in NR, e.g., beam grouping.
1.4. [bookmark: OLE_LINK5]RX beam training
In our companion contribution [2], transparent beam management approach is described. Transparent beam management means TX beam used by TRP is transparent to UE. To facilitate transparent beam management, RX beam training signal is needed for UE to set proper RX beams for data reception. Besides, in separate determination of TX/RX beams described in previous section, a dedicate RX beam training signal is also needed to update best RX beam.
In fact, the separate TX/RX determination approach described in previous section could be naturally incorporated into the transparent beam management approach. That is, the best TX beam is used for data channel and RX beam training signal transmission and the best RX beam is used for data channel and TX beam training signal reception. Then the TX beam for data transmission is made transparent to UE, and no explicit signaling is needed.
The RX beam training signal is preferred to be aperiodically and UE-specifically transmitted. When TRP has downlink data for UE, TRP can transmit RX beam training signal for UE to make preparation for data reception. But it does not have to be companied by data transmission, so that TRP and UE can continuously update best TX and RX beam even when there is no data for UE for a while.
Proposal 4: 
· An aperiodic training signal independent of data transmission is designed for UE RX beam training.
1.5. Beam training and CSI reporting
Beam training and CSI reporting both are necessary for network to acquire full picture of channel condition between TRP and UE. By beam training, UE reports indices of preferred TX beams and by CSI reporting, UE reports CSI (CQI/PMI/RI) measured on the preferred TX beams. Beam information is actually a kind of CSI, and beam training and CSI reporting can be designed under a common framework to reduce specification efforts.
Beam information and CSI could be acquired in one-step reporting or two-step reporting.
By one-step reporting, network configures UE K > 1 CSI-RS resources, each CSI-RS is transmitted from one TX beam and potentially has multiple antenna ports. UE selects one or more preferred CSI-RS resources (beams) and report index together with CSI measured on these resources. Those CSI-RS resources serve as reference signal for both beam training and CSI acquisition. This is analogous to LTE Class B CSI reporting mechanism. With the most complete CSI provided, best system performance is expected. But when lots of beams are involved, the system overhead will prohibit its practical uses.
By two-step reporting, network configures UE K > 1 CSI-RS resources, each CSI-RS is transmitted from one TX beam with one antenna port. UE reports indices of preferred CSI-RS resources. These K resources serve as beam training signal. Based on UE reporting, network select one or more TX beams and send a new set of CSI-RS using these selected beams. UE measures the new set of CSI-RS and report corresponding CSI. This is analogous to hybrid CSI reporting mechanism in LTE Rel-14.
With the transparent beam management approach, this new set of CSI-RS is transmitted with the current best TX beam. With the non-transparent bean management approach, the TX beams for CSI-RS transmission shall be indicated to UE so that UE could set proper RX beams.
Proposal 5:
· Beam training and CSI reporting are designed in the same framework.
· RAN1 to further study how to realize beam training and CSI reporting in the same framework.

Conclusions
In this contribution, design details of beam training are discussed, and the following proposals are given:
Proposal 1:
· NR should support multi-stage beam training procedure.
Proposal 2:
· RAN1 should study QCL assumptions between training signals of different training stage.
Proposal 3:
· Mechanism to guarantee independence of recommended TX beams shall be supported in NR, e.g., beam grouping.
Proposal 4: 
· An aperiodic training signal independent of data transmission is designed for UE RX beam training.
Proposal 5:
· Beam training and CSI reporting are designed in the same framework.
· RAN1 to further study how to realize beam training and CSI reporting in the same framework.
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