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Introduction
During RAN1 #86 in Gothenburg, a plenty of contributions on beam management were submitted and considerable Way-Forwards (WF) were agreed, including the definition of beam management. One out of many WFs on beam management is listed as follows for reference purpose [1].
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, we present our overview of hybrid beamforming with special focus on the analog part. Then we discuss the fundamental procedure of beam management with Channel Reciprocity (CR), partial CR or no CR.
Overview of Hybrid Beamforming
Full-Connection Model for Hybrid Beamforming
Assuming the full-connection model of hybrid beamforming in Figure 1, we next present the mathematical model when taking only the -th UE () into consideration. Note that the sub-connection model can be expressed in a similar way. However, the procedure of beam management can be different between full-connection and sub-connection model due to physical antenna structure. 
Specifically, the serving TRP and each out of  UEs is equipped with  and  antenna elements respectively. Compared with traditional full digital precoding at TRP which requires  RF chains, the hybrid beamforming architecture enjoys a much lower hardware complexity with only marginal performance loss. For simplicity, we assume  RF chains at TRP and single RF chain at each UE. 
On the DL direction, the TRP applies a digital precoder  followed by an analog precoder. Therefore, the transmitted signal at TRP is given as  where  are data streams for  UEs. Then the received signal of the -th UE can be expressed as 

where  is the channel between TRP and the -th UE,  is the AWGN and  is the analog Rx beam adopted by the -th UE. 
Moreover, the analog Tx-Rx beams are generally chosen from pre-defined codebooks, denoted as  and  at TRP and UE, respectively. The purpose of beam training is to find the optimal beam pair which satisfies the maximum RSRP condition, but not limited to 

After the analog Tx-Rx beam pair is selected, we have the equivalent baseband channel established between TRP and the -th UE as . Finally, by collecting all the equivalent channel of  UEs, the digital precoder  is then obtained at TRP, using classic precoding criteria, such as Zero-Forcing (ZF), Minimum Mean Square Error (MMSE) and Signal Leakage Noise Ratio (SLNR). 
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Figure 1. Hybrid Beamforming Architecture
Categories of Beam Training
Speaking of beam training in this contribution, one may consider it as a more general concept when compared with beam sweeping. In other words, beam sweeping can be viewed as a specific procedure to implement beam training. From the perspective of beam training between TRP(s) and UE(s), one may classify the training procedure in different ways. To the best of our knowledge, we list the categories, but not limited to 
· Channel reciprocity (CR), partial CR or non-CR assisted beam training
· Joint or separate Tx-Rx beam training
· Single stage or multiple stage Tx-Rx beam training
· Control or data channel Tx-Rx beam training
· Single or multiple TRP(s) beam training
· Single or multiple Tx-Rx beam pair(s)
Some of the categories mentioned above could be further combined, thereby resulting in numerous types of beam training for us to consider and compare in the forthcoming meetings.
Observation 1: Taking the forward compatibility and complexity of NR beam management in mind, RAN1 may need to have a unified framework for beam training/sweeping. 
Issues of Beam Training
Besides the state-of-the-art beam management technologies, we still face a few of issues which may have strong impact over performance. Likewise, to the best of our knowledge, we make an issue listed below, but not limited to
· Huge overhead burden considering MU beam training
· Link blockage and its quick recovery
· UE rotation / fast-moving behaviors
· Gap of beamforming gain between control and data channel
As the NR standard progress moves forwardly, we may identify more beam management related issues to be handled. For more discussion of beam management issues, please kindly find our companying paper [2]. Currently, assuming the sequential/joint beam sweeping as a baseline, we next discuss the overhead reduction of beam training procedure and then propose potential solutions.
Discussion on Beam Training
In this section, we briefly discuss the beam training procedures assuming the Channel Reciprocity (CR) for TDD mode as well as partial CR and no CR for FDD system.
Channel Reciprocity Assisted Beam Training
In TDD system, given the calibrated Tx-Rx hardware in UL and DL direction, the beam training process benefits from the channel reciprocity. In particular, in DL direction the Tx-Rx beam pair can be used conversely as Rx-Tx beam pair in UL direction, and verse vice. Intuitively, the channel reciprocity saves half of the overhead compared with beam training in FDD mode and this overhead reduction does not depend on specific method of beam sweeping, such as joint or separate beam sweeping. 
Let us take the beam training in Figure 2 as an example. In the 1st stage, TRP sweeps the DL beams in time domain while UE applies omni-direction Rx beam to select the optimal Tx beam and then feedbacks to TRP. In the 2nd stage, UE sweeps the UL Tx beams in time domain, while TRP uses the Rx beam selected in the 1st stage as optimal DL Tx beam. As a consequence, by only two stages of beam training, both Tx/Rx beams at TRP/UE are determined. 
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Figure 2. Two-stage Beam Training Procedure for TDD System
Proposal 1: RAN1may need to study the beam training/sweeping procedure with the aid of channel reciprocity in TDD mode. 
Partial Channel Reciprocity Assisted Beam Training
In FDD mode, there exists partial channel reciprocity which may be leveraged as assistant information to beam training procedure. The rationale behind this statement lies in the fact that the signal paths of DL and UL in spatial domain may somehow overlap in some scenarios of mmWave band. More specifically, with the aid of beam training results in DL/UL, it is possible to further reduce the beam training overhead in the converse direction, i.e. UL/DL. 
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Figure 3. Tx-Rx Connectivity of All Beam Combinations
Let us take the example above for illustration. First, one may consider the beam sweeping in DL with joint beam training. Then we may have a table as shown in Figure 3 which presents the connectivity of all the Tx-Rx beam combinations. Specifically, for illustration purpose we assume 4 by 4 Tx-Rx beam combinations with columns and rows representing Tx and Rx beams respectively. Given one set of 4 Rx beams, one may find a strong Tx beam, and with 4 sets of Rx beams one may have 4 strong Tx beams which can be overlapped. Then one may obtain the first 2 strongest Tx beams colored as yellow in Figure 3; similarly given 4 sets of Tx beams, one may have the first 2 strongest Rx beams colored as blue in Figure 3. Afterwards, these combinations of the selected 2 strongest Tx and 2 strongest Rx beams in DL could be the beam training set for UL beam training. Therefore, the UL overhead can be significantly reduced from search space of 16 (4 by 4) to 4 (2 by 2). 
Observation 2: For FDD mode, DL/UL beam sweeping results could be assistant information for UL/DL to greatly reduce the overhead of beam training.
Proposal 2: For FDD NR, we need to study and design the beam training procedure based on partial channel reciprocity.
Beam Training without Channel Reciprocity
For certain scenarios of FDD, the channel reciprocity between DL and UL channel completely perishes. It is not easy to avoid the heavy overhead and feedback for beam sweeping in DL and UL directions. Nevertheless, thanks to the inspiring codebook design in conventional LTE, it is possible to apply the DFT-based vector as analog Tx/Rx codebook for beam training procedure. The basic idea is utilizing the Kronecker-Product (KP) structure of codebook to decouple the Tx/Rx beam at TRP into horizontal and vertical codebook. In addition, if it is necessary, it is also feasible to decouple analog codebook at UE side for the same reason.
In particular, for a Tx/Rx beam vector in the codebook, for instance , then it can be expressed as the KP of a horizontal beam vector and a vertical beam vector as  where we have  and  where  and  denote the horizontal and vertical codebook respectively with the property that . Consequently, by dropping the subscript of UE  for simplicity, we may re-write the beam training criterion as 

Therefore, we have the chance to reduce the overhead of beam training by separately sweeping beams in horizontal and vertical domain at TRP as shown in Figure 4. 
	Particularly, in the 1st step, TRP transmits omni-direction beam reference signals to train UE Rx beam. In the 2nd step, TRP only transmits beams in vertical domain while UE uses the previously selected Rx beam. In the last step, TRP only transmits beams in horizontal domain while UE uses the same Rx beam as Step 2. It is worthy to note that the training procedure above-mentioned can be switched to facilitate beam training procedure. Moreover, in the 1st step, TRP transmits omni-direction beam, thereby resulting in small beamforming gain. This may somehow affect the beam training at UE side. Here, we use the omni antenna pattern just for illustration purpose. In reality, two solutions may work. One is to train TRP beam first, then go to UE beam training. The other is to decouple the omni antenna pattern into directional sectors with enough beamforming gain. 


Figure 4 Beam Training Procedure in Horizontal and Vertical Domain
[bookmark: _GoBack]Observation 3: Tx/Rx beam training/sweeping at TRP can be separately carried out in horizontal and vertical domain to reduce overhead and UE complexity. 
Proposal 3: RAN1 needs to study the necessary mechanism of beam management by decoupling 3D beam into both horizontal and vertical beams.
Conclusions
Finally, allow us to summary our observations and proposals as below
Observation 1: Taking the forward compatibility and complexity of NR beam management in mind, RAN1 may need to have a unified framework for beam training/sweeping. 
Observation 2: For FDD mode, DL/UL beam sweeping results could be assistant information for UL/DL to greatly reduce the overhead of beam training.
Observation 3: Tx/Rx beam training/sweeping at TRP can be separately carried out in horizontal and vertical domain to reduce overhead and UE complexity. 
Proposal 1: RAN1 may need to study the beam training/sweeping procedure with the aid of channel reciprocity in TDD mode. 
Proposal 2: For FDD NR, we need to study and design the beam training procedure based on partial channel reciprocity.
Proposal 3: RAN1 needs to study the necessary mechanism of beam management by decoupling 3D beam into both horizontal and vertical beams.
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