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In the RAN1#85 meeting, multi-antenna scheme for new radio interface was agreed as a key feature for NR [1].  In the mmW range, transmission suffers from higher path loss than in the microwave range, typically with an additional loss of 20 to 30dB. Transmission beamforming with a large number of antenna elements focuses the transmission energy in a certain direction (with a narrow angle) to compensate for the large pathloss in the mmW region. A large directional gain is achieved in the transmission. Receiving beamforming can be used to achieve a large directional RX gain as well. The number of antenna elements at the TRP can reach the order of hundreds or higher. 

With a large number of antenna elements, the cost of implementing all-digital transceiver can be very high. A compromise is hybrid analog/digital beamforming, where a small number of RF chains are used to power a large number of antenna elements through a RF distribution/phase shift network (RDN). The relative phases between these antenna elements are controlled by adjusting the phase shifters in the RDN. Hybrid beamforming was proposed by several companies [3-4] and has been agreed to be included in NR MIMO study. Hybrid beamforming involves both digital beamforming and analog beamforming, where analog beamforming is subject to much variation depending on the implementation details. This has significant impact on the beam management and CSI feedback design. The following agreements regarding beam management and CSI feedback were reached in RAN1#86 [2]:

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


Agreements:
· A simplified CSI acquisition framework should be studied in NR, which could support
· CSI measurement based on CSI-RS (if supported)
· Implicit and explicit CSI feedback
· CSI acquisition based on different degree of reciprocity
· Other features to be supported
· The implicit CSI feedback methods should be studied in NR
· Codebook design
· Interference measurement based on interference measurement resource which could be one or more of the following options
· ZP CSI-RS (if supported)
· NZP CSI-RS (if supported)
· DMRS (if supported)
· Other resources are not precluded
· CSI feedback based on DMRS (if supported)
· The explicit CSI feedback methods should be studied in NR
· Feedback of channel covariance matrix
· Feedback of channel matrix 
· Feedback of  channel eigenvector
· Both quantized and unquantized/analog feedback
· Other methods are not precluded
· CSI measurement and reporting with the following components should be studied in NR
· Wideband/long-term CSI
· Subband/short-term CSI
· Explicit CSI
· Implicit CSI
· Configuration of the above components individually or jointly is FFS


In this contribution, we discuss some beam management and CSI feedback issues specific to DL hybrid beamforming. 
 
Discussion

Hybrid beamforming combines traditional baseband digital precoding with analog beamforming to achieve a tradeoff between performance and complexity. Hybrid beamforming can be used at the TX side and the RX side independently. Figure 1 shows the transmitter and receiver architecture of hybrid beamforming [5]. 
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Figure 1. Hybrid beamforming employed at the TX and the RX side.

Hybrid beamforming can be regarded as cascaded digital beamforming/MIMO and analog beamforming. The digital beamforming/MIMO has a structure similar to the traditional MIMO.  However, the analog beamforming part is more complicated and depends on many factors. Many of the details are related to implementation which are difficult to standardize but have significant consequences to the NR MIMO design. Below are a few such factors:

· Size of the antenna array
The number of antenna elements may vary significantly in the TRPs and UEs of different types and costs. For example, for macro-TRP mounted on high towers or big buildings, given the large 3D coverage space and the large number of supported UEs, and relative insensitivity to cost, the number of antenna elements may reach 1024 or even higher. For micro-TRP intended for indoor office, due to the limitation coverage area, small number of served UEs and limited cost, the number of antenna elements may be as fewer as 32.
· Structure of the radio distribution network
In the RDN architecture, baseband ports may have separate or shared antenna arrays. Figure 2 shows two different TX architectures with dedicated or shared antenna arrays per baseband port. Apparently the RDN with shared antenna elements requires additional RF signal combiners and is more difficult to design. It also comes with a higher cost. But with this architecture, a digital port can beamform with many more antenna elements and can potentially achieve higher spatial resolution and higher gain.  
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Figure 2. TX RDN with dedicated (left) or shared (right) antenna arrays.

· Resolution of the phase shifter
An important part of the RDN is the phase shifter used to control the phase of the RF signal transmitted through each antenna element. A low cost TRP may employ phase shifters with only 2 bit resolution, that is only phase shift of {1, -1, i, -1} can be applied to the signals. On the other hand, a high cost device may employ more expensive phase shifters that feature 5 or more bits. The resolution and accuracy of the phase shifter affect the EVM of the signal.

Although we used TRP implementation as an example, similarly observations can be made to the UE side. 

Observation 1: Analog beamforming is subject to variation of implementation. 

These details depend on the TRP or UE implementation and should be left to the vendors. NR should support different implementations. This requires the implementation at the TRP side transparent to the UE (and vice versa).  However, this makes it difficult to use a codebook based design for the analog beamforming part, or digital/analog beamforming as a whole. This is because different implementations have different abilities to maneuver the analog beams or the effective digital/analog beams.

Observation 2: The codebook based scheme does not apply to analog beamforming or combined digital/analog beamforming.    

A possible solution is to decouple the analog beamforming part and the digital beamforming part. Analog beamforming can be used first to generate directional beam(s) pointing to UEs in different directions without considering digital beamforming/MIMO. Beam sweeping can be used in the measurement and feedback of the analog beams. These analog beams can be created with a set of non-UE-specific beam RSs. On receiving the UE feedback on the beam RSs, TRP can make further adjustment with additional beam refinement RSs. By decoupling analog beams from digital beams, the requirement for CSI feedback is simplified. In particular, RSRP-based feedback for analog beams hides much of the implementation details and should be considered. 

Proposal 1: RSRP-based beam measurement and feedback scheme should be considered for beam selection and refinement. 

The beam measurement and feedback scheme should support multi-user/multi-beam schemes for spatial multiplexing at the TRP. 

Proposal 2: Spatial multiplexing at the TRP should be supported by the beam measurement and feedback scheme.

For the DL, the adjustment of RX beam at UE, including RX beam selection and beam refinement, depend on the UE implementation. Ideally this should be transparent to the beam management procedure, provided the UE is given sufficient RS resources and time to adjust its RX beam. Therefore the impact of UE RX beam selection and refinement should be minimized. 

Proposal 3: The standard impact of UE RX beam selection and refinement should be minimized, provided a UE is provided sufficient RS resource to tune its RX beam.  

Digital beamforming and related feedback can be considered following analog beaming. The effective channel between the digital TX ports and RX ports incorporates the TX RDN (TX analog beamforming), the physical channel between the TX and the RX antenna arrays, and the RX RDN (RX analog beamforming). CSI-RS, including NZP CSI-RS and ZP CSI-RS similar to LTE, can be used for channel and interference measurement and feedback. 

Proposal 4: CSI-RS and feedback can be used for CSI acquisition for given analog beams.

These CSI-RS and related CSI are specific to the analog beams, and need to be updated whenever the beam changes. The impact of analog beam forming (beam selection & refinement) to digital beamforming should be studied.

Proposal 5: The interaction between analog beaming and digital beamforming should be studied. 
   
Conclusions
In this contribution, we discussed several issues related to beam management and CSI feedback specific hybrid beamforming. Our observations and proposals are as follows: 

Observation 1: Analog beamforming is subject to variation of implementation. 
Observation 2: The codebook based scheme does not apply to analog beamforming or combined digital/analog beamforming.    
Proposal 1: RSRP-based beam measurement and feedback scheme should be considered for beam selection and refinement. 
Proposal 2: Spatial multiplexing at the TRP should be supported by the beam measurement and feedback scheme.
Proposal 3: The standard impact of UE RX beam selection and refinement should be minimized, provided a UE is provided sufficient RS resource to tune its RX beam.  
Proposal 4: CSI-RS and feedback can be used for CSI acquisition for given analog beams.
Proposal 5: The interaction between analog beaming and digital beamforming should be studied. 
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