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Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Following are excerpts of agreements made on NR operations related to beam training in RAN1#85 [1]:
Agreements:
· Following three implementations of beamforming are to be studied in NR
· Analog beamforming
· Digital beamforming
· Hybrid beamforming 
· Note: The physical layer procedure design for NR can be agnostic to UE/TRP with respect to the beamforming implementations employed at TRP/UE, but it may pursue beamforming implementation specific optimization not to lose efficiency
· Multi-beam based approaches
· In Multi-beam based approaches, multiple beams are used for covering a DL coverage area and/or UL coverage distance of a TRP/a UE
· One example of multi-beam based approaches is beam sweeping:
· When beam sweeping is applied for a signal (or a channel), the signal (the channel) is transmitted/received on multiple beams, which are on multiple time instances in finite time duration
· Single/multiple beam can be transmitted/received in a single time instance
· Others are FFS
Agreements:
· RAN1 to study the beamforming procedures and their system impacts at least for multi beam based approach
· Physical layer procedures for beamforming optimizing different metrics such as overheads and latencies  in multi beam and single beam based approaches 
· Physical layer procedures in multi beam based approach that require beam training, i.e. steering of transmitter and/or receiver beams
· E.g. Periodic/Aperiodic downlink/uplink TX/RX beam sweeping signals, where periodic signals may be semi-statically or dynamically configured (FFS)
· E.g. UL sounding signals
· Other example is not precluded
Agreements:
· Both intra-TRP and inter-TRP beamforming procedures are considered.
· Beamforming procedures are considered with/without TRP beamforming/beam sweeping and with/without UE beamforming/beam sweeping, according to the following potential use cases:
· UE movement, UE rotation, beam blocking:
· Change of beam at TRP, same beam at UE
· Same beam at TRP, change of beam at UE
· Change of beam at TRP, change of beam at UE
· Other cases are not precluded

In this contribution we discuss high level design principles of beam training mechanism.
Design Principles of Beam Training
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Hybrid beamforming with cascaded digital and analog beamforming is a promising solution for massive MIMO operating in both sub-6 GHz and above-6 GHz bands. It reduces the implementation complexity and cost of both RF and baseband.
2.1 [bookmark: OLE_LINK5]Beam training procedures
It was agreed that RAN1 should study physical layer procedures for beamforming optimizing different metrics such as overheads and latencies in multi-beam and single-beam based approaches. The entire beam training procedure would include the generation and transmission of Tx beam training signal beamformed towards different Tx directions, and receiving with different Rx beams to search the optimal Tx beams and Rx beams by measuring the beam training signal.  
In the DL beam training procedure, the UE would report the preferred Tx beam index to the TRP and maintains the corresponding Rx beam by itself. In the case of analog beamforming, the signals in entire frequency domain at one time instance (e.g., one OFDM symbol) transmitted through one TXRU are limited to one direction. Due to RF hardware constraint in the analog beamforming, beam training cannot operate as flexibly and quickly as the digital CSI acquisition by making many attempts with one received training signal, e.g., PMI selection. However, the beam training would be done frequently and persistently in order to let the UEs keep tracking with the varying channels. Beam training shall be performed between the TRP and the associated UEs. All of above implies the importance of efficiency and effectiveness of beam training, i.e., fast correct beam searching and beam tracking with least overhead, in the beam training design.
Since both the TRP side and UE side operating above 6 GHz would employ the analog beamforming, beam training would take place at both sides. However, the DL-UL reciprocity cannot always be guaranteed due to the impairments of the RF antenna devices or different Tx/Rx antenna elements. This means there could be different levels of reciprocity in practice, such as Tx/Rx reciprocity at both transmitter and receiver, Tx/Rx reciprocity at one side, or Tx/Rx reciprocity at neither side. In order to cover all cases, Tx beam training at the TRP and Rx beam training at the UE for DL, and TX beam training at the UE and Rx beam training at the TRP for UL should be studied. Whenever channel Tx/Rx reciprocity holds, it should be explored to accelerate beam training and save overhead.
Proposal 1: RAN1 should study beam training mechanism including Tx beam training and Rx beam training for both DL and UL to cover all reciprocity cases.
Proposal 2: Channel reciprocity shall be explored to accelerate beam training and save overhead when channel reciprocity holds.
In current LTE system, CSI reporting procedure is defined with various feedback modes, feedback types and feedback contents (such as RI/CRI/PTI/PMI/CQI, etc.) for both periodic and aperiodic CSI reporting. In DL, CSI is measured by the UE on the DL reference signal (RS) such as CRS or CSI-RS. In essence, beam index reporting in UL or beam index signaling in DL for beam training is a special case of CSI reporting or signaling. It would be preferable to design the beam training mechanism and CSI reporting mechanism in the same framework unless the benefit of independent design of beam training procedure is justified.
Proposal 3: RAN1 should strive for common design of the beam training procedure and the CSI reporting procedure.
2.2 Beam training signal
As one of the essential parts in the beam training procedure, beam training signal can share the design of other RSs in the system. Besides the beam training RS, there could be another RS for CSI measurement similar to CSI-RS in LTE system. There could be two options to design the beam training RS and CSI measurement RS: independent design and unified design. The CSI measurement RS design in NR could be quite different from the CSI-RS in LTE. If it is designed with several configurations and patterns, a unified CSI measurement RS design can be applied for both beam training RS and CSI acquisition. Another signal which can have multiple functions is the synchronization signal transmitted in beam sweeping way. It is probably transmitted periodically on different beams to cover the whole coverage area and can be used for synchronization and coarse beam training. A unified RS design with different configurations has the advantage of RS pooling and flexibility, possible RS overhead reduction, and much less standardization work.
Proposal 4: RAN1 should strive to reuse signals or RS for other purposes, e.g., synchronization signal, CSI measurement RS, etc, for beam training.
Tx beam training and Rx beam training are two separate beam training procedures. Intuitively, Tx beam training is composed of Tx beam training signal transmission and the optimal Tx beam index feedback or indication which can let the transmitter (TRP in DL or UE in UL) be aware of the Tx beam for the receiver (UE in DL and TRP in UL); while Rx beam training is only in need of Rx beam training signal transmission but no feedback or indication because the optimal Rx beam is the information maintained at the receiver. Correspondingly, the beam training RS for Tx beam training and Rx beam training may have different characteristics. As one of possible manners, multiple copies of Tx training signal should be beamformed differently to let the receiver select the optimal Tx beam, whereas the Rx training signal should be transmitted with sufficient duration on a fixed Tx beam to let the receiver try every possible Rx beam to find the optimal one. The difference between the Tx beam training RS and the Rx beam training RS should be considered in the RS design as well.
Proposal 5: The difference between the Tx beam training procedure and the Rx beam training procedure as well as the Tx beam training RS and the Rx beam training RS should be considered in the design.

2.3 Multi-level or multi-stage beam training
Multi-level or multi-stage beam training is a promising solution to improve the efficiency and effectiveness. Generally, multi-level beam training observes the beam training in the aspects of information itself, for example, coarse beam and fine beam. Multi-stage beam training is from the beam training procedure aspect that split the whole procedure into several steps.
Beam searching and beam tracking would be an essential multi-stage beam training procedures in the mmWave communications [2]. In beam searching stage, both the transmitter and receiver will search their Tx beams and Rx beams from all beam direction candidates assuming no previous knowledge is available with a long period. In beam tracking stage, either side periodically or aperiodically re-adapts within a small beam ranges around the previously searched/tracked beams. Coarse/wide beams can be naturally used for beam searching which decreases the candidate beam numbers to search, and fine beams existing around the selected coarse beam can be naturally used for beam tracking which decreases the candidate beam numbers to track.
One obvious benefit of the multi-level/multi-stage beam training is to decrease the beam training time leading to complexity reduction.
Another benefit could be reducing the RS overhead statistically. Take DL for instance, Tx coarse beam training can provide the coverage of the TRP so that the coarse beam training RS can be cell-specific, while fine beam training exists around the coarse beam for the UE so that the fine beam training RS can be UE-specific or shared by a group of UEs selecting the same coarse beam. Assuming N1 Tx coarse beams and N2 Tx fine beams per coarse beam configured by the TRP, the overall RS overhead for coarse beam training and fine beam training will be N1M1+N1N2M2 for the worst case where the UEs select all possible N1 coarse beams, where M1 and M2 are the number of transmission times per time unit of coarse beam training RS and fine beam training RS respectively. Since coarse beam training is carried out less frequently than the fine one, the additional coarse beam training RS is negligible compared to the baseline when all fine beam training RSs are transmitted at the same frequency as the fine beam. Assuming N1=4, N2=4, and the period of coarse beam training RS and fine beam training RS is 100ms and 10ms respectively, i.e. M1=10, M2=100. Table 1 shows a comparison of total number of beam training RS needed per second assuming all UEs locate in 1, 2, 3, or 4 coarse beams.
Table 1: Comparison of total number of beam training RS needed per second
	Number of coarse beams for all UEs
	Total number of beam training RS per second
	Overhead ratio

	Baseline
	4×4×100=1600
	100%

	1
	4×10+1×4×100=440
	27.5%

	2
	4×10+2×4×100=840
	52.5%

	3
	4×10+3×4×100=1240
	77.5%

	4
	4×10+4×4×100=1640
	102.5%


Proposal 6: RAN1 should study multi-level or multi-stage beam training procedure.
Conclusions
In this contribution, we discussed the design principles of beam training such as beam training procedures and beam training signals/RS with the following proposals:
Proposal 1: RAN1 should study beam training mechanism including Tx beam training and Rx beam training for both DL and UL to cover all reciprocity cases.
Proposal 2: Channel reciprocity shall be explored to accelerate beam training and save overhead when channel reciprocity holds.
Proposal 3: RAN1 should strive for common design of the beam training procedure and the CSI reporting procedure.
Proposal 4: RAN1 should strive to reuse signals or RS for other purposes, e.g., synchronization signal, CSI measurement RS, etc, for beam training.
Proposal 5: The difference between the Tx beam training procedure and the Rx beam training procedure as well as the Tx beam training RS and the Rx beam training RS should be considered in the design.
Proposal 6: RAN1 should study multi-level or multi-stage beam training procedure.
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