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1. Introduction

In the RAN1 #86 meetings, it was agreed to study CSI aspects for NR:
In this contribution, we focused on CSI feedback contents based on CSI-RS measurement. Our companion paper, [1] and [2] discuss NR CSI framework and CSI configuration, respectively.
2. General MIMO Assumption
In [3], we proposed to design NR MIMO system based on hybrid beamforming architecture since other (analog and digital) can be treated as a special case of it. Then, the MIMO structure can be expressed as
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 is a set of TRPs which involve transmission, [image: image6.png]


 is a channel matrix from t-th TRP to UE at i-th resource unit, [image: image8.png]Wierrx:
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 are an analog beamformer at t-th TRP and at UE, respectively, [image: image12.png]Wasrxe:
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 are a digital precoder and a digital receiver filter at i-th resource unit, respectively, and [image: image16.png]


 is a MIMO encoder at i-th resource unit. Note that we assume an analog beamformer is applied across all frequency resource, i.e. wideband (even though different analog beamformer for different frequency resource unit can be applied), and a digial beamformer can be different for different resource unit. Also note that the dimension, N and P (in Figure 1), can be varying according to MIMO mode, digital beamformer and scheduler decision, etc. The notion of analog beamforming and digital beamforming/precoding is just for explanation purpose not representing actual location of the beamfomer.
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Figure 1 Basic Beamforming Architecture (Hybrid Beamforming Architecture)
As we can see from the figure, beamforming can be divided into two parts, i.e. analog beamforming and digital beamforming (or digital precoding). Different beamforming architectures can be expressed as in Table 1.
Table 1 Different Beamforming Architectures

	
	Analog Beamforming
	Digital Beamforming
	Note

	(Full) Digital Beamforming
	N=1, (Semi) static,

e.g. Sectorization
	P>1, Dynamic,

e.g. CSI-RS
	Single Beam Operation

	Analog Beamforming
	N>1, Dynamic,

e.g. Beam management
	P=1, N/A (static)
	Multi-beam Operation

	Hybrid Beamforming
	N>1, Dynamic,

e.g. Beam management
	P>1, Dynamic,

e.g. CSI-RS
	


3. NR CSI Contents
As discussed in [3], NR should support various MIMO transmission schemes such as CL-SM, OL-SM, Single-Point, Multi-Point, SU-MIMO, MU-MIMO and TxD with minimal MIMO transmission modes and minimal CSI feedback mode. In order to do that, it was proposed to minimize overlapping functionality among beam management, CSI-RS and CSI feedback and SRS protocols [1]. 

The main purpose of CSI-RS and CSI feedback protocol is to obtain CQI, RI and a digital beamformer when channel reciprocity is not guaranteed. As a first step, we focused on a CSI feedback of a digital beamformer. More precisely, each port of CSI-RS for transmission is multiplied by [image: image19.png]WRF TXtp
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. Then, UE estimates equivalent channel, [image: image23.png]H.; = WgrrxHe :Wrrrx:



, to determine a digital beamformer, [image: image25.png]Wasrxe:



. Note that even though equivalent channel for each TRP, [image: image27.png]H; = Warry DeecHe i Wrrrxe



, can be estimated and UE can find optimal digital beamformer for the combined channel, but the combined channel can be more time varying due to different frequency offset among different TRPs. And thus, equivalent channel for each TRP can be trained separately. Still, actual CSI-RS transmission and its equivalent channel, e.g. [image: image29.png]


 vs. [image: image31.png]


, may be transparent to UE. 

Example of CSI feedback contents on top of analog beamforming assumption (by beam management, e.g. [4]-[6]) can be found in Table 2. It should be noted that not all of transmission schemes listed in the table shall be supported in NR. The listed transmission schemes are examples, and support of each transmission scheme and thus CSI feedback of each scheme is FFS. In case of full digital architecture or single beam operation, analog beamforming part should not be considered and can be semi-statically determined.
Table 2 Example of Different CSI Feedback Contents for Different MIMO Transmission Schemes

	
	Analog Beamforming 
	Digital Beamforming
	Note

	CL-SU
	Based on Beam Management (e.g. single beam direction)
	Similar to Class A Codebook or Explicit feedback
	Need to consider different antenna assumption in NR, e.g. different distance between panels and antenna elements

	CL-MU or 

Multi-TRP/Multi-Panel CL-SU/MU
	Based on Beam Management (e.g. multiple beam directions)
	For option 1. FFS or 

For option 2. Similar to Class A Codebook per CSI-RS (See note column for option 1 and 2)

or Explicit feedback
	Two possible options. 

Option 1. A single CSI-RS using all of antenna ports for scheduled UEs (can be different directions for different antenna panel in analog beamformer)

Option 2. (multiple) CSI-RS per analog beam direction

	TxD and (Semi) OL SM
	Based on Beam Management (Semi-OL, multiple beam directions) or predetermined beams (e.g. wide beams)
	FFS 


	1. TxD/OL SM: option1) Predetermined or option2) None (transparent)
2. Semi-open loop (if supported): option1) totally rely on beam management (and thus transparent in CSI-RS/CSI feedback operation) or option2) UE may feedback digital precoder from codebook defined for CL-MIMO




4. Analog Beamforming Configuration on CSI-RS

  TRP and UE analog beams are paired and typically orientated to the same channel clusters. Beside analog beamforming corresponding to the dominant channel cluster, as illustrated in the Figure 2, other candidate analog beam pairs pointing to another channel cluster directions also needs to be measured. Thus, the UE beams for CSI-RS reception should be aligned with the TRP analog beam applied on CSI-RS for transmission. Furthermore, at one given time, only one UE beam may be generated, so the CSI-RS resource allocation should consider UE beamforming limitation.
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Figure 2 Example of transmission and candidate beam pairs for CSI-RS transmission
As explained in Table 2, in case of CL-MU or multi-TRP/panel CL-SU/MU multiple beam directions may be applied at TRPs/panels for data transmission. In this scenario, for CSI feedback the following two options for CSI-RS transmission can be considered: 
option1) a single CSI-RS resource where CSI-RS ports has different beamforming
option2) multiple CSI-RS resources where each CSI-RS resource has CSI-RS port with the same beamforming
The above two option should be further studied in RAN1.
Proposal 1: 

· UE beamforming can be applied to conduct the channel measurements based on beamformed CSI-RS
· NR should support CSI feedback corresponding to more than one beam pair
5. Codebook Design Considerations for CSI Feedback
The multiple panels deployed at the TRP side can be utilized for the data transmission to one UE. Depending on the beamforming selection on the antenna panels different MIMO transmission schemes can be realized. For example transmission with higher rank can be used to improve the peak data rate of the UE and may require different beam selection on the TRP antenna panels. The high gain / narrow beam (i.e. single narrow beam) transmission can be provided for coverage limited UEs by using the same beamforming and joint precoding across TRP antenna panels.  Considering various beamforming options for antenna panels, the beamforming on CSI-RS antenna ports as well as the codebook structure should be carefully designed to support all MIMO transmission schemes in the NR system. 

In NR system with multiple beams, beam management and/or CSI feedback should support beam selection. In LTE, beam selection at the TRP is done by CSI feedback or using RRM measurements using DRS while, in NR, we are considering separate (analog) beam selection protocol (P-1 to P-3) [4]-[6]. For beamformed reference signal ([5]), the beam selection can be realized by assigning different beamforming for the RSs. In this case one or multiple selected beams can be reported by the UE. Another approach can be using beamformed CSI-RS similar to LTE FD-MIMO. In this approach, the beam selection codebook can be further extended. For example Kronecker product based codebook can be used on the beam selection entries of the PMI to perform 2D precoding across the selected beams. In this case a single codebook can be used to support high rank transmission without joint precoding across beams or high gain transmission with joint precoding across the beams. The actual subset of the codebook entries that should be used can be configured by the TRP depending on the beam configuration and selected transmission scheme. In summary, beam management protocol can handle beam selection functionality while CSI-RS and feedback protocol can be used for further process of the selected beams. In case, CSI-RS is used for one of beam management procedure (e.g. P-2), those functionalities can be supported simultaneously.
It should be noted that support of non-coherent precoding may be also beneficial to support some NR scenarios. More specifically, depending on implementation multiple antenna panels at the TRP may not be coherent to support joint precoding discussed above. In addition the panels can be deployed at the different TRPs to perform coordinated multi-point transmission to the UE. To support these scenarios, the codebook can be further enhanced to support independent beam selection on multiple CSI-RS antenna ports. In another approach multiple CSI-RS resources associated with different panels or beams can be used. Similar consideration can be done for CL-MU MIMO where each panel forms different direction beams toward different UEs.. 
In some scenarios CSI-RS antenna ports spacing within CSI-RS resource can be non-uniform that may require special consideration in the precoding vectors design. For example, the codebook with dual co-phasing structure can be considered to support two stage joint precoding across CSI-RS antenna ports of one spacing and across CSI-RS antenna port groups with another antenna spacing.

The codebook structure may also support beam patterns with different beam width. For example the narrow beam PMIs may be required for low rank transmission to provide sufficient beamforming gain, while the need of supporting wide beam PMIs arises in the scenarios with higher rank transmission (e.g. 3-4 layers) to increase probability of the higher transmission rank selection without significant loss. The use of widen beam may be also preferable in high mobility scenario for more robust selection of the precoding at the.  

Proposal 2: 

· CSI feedback should be designed to support different MIMO transmission schemes such as high rank transmission, beam selection, beam diversity, coherent and non-coherent joint transmission from multiple beams / transmission points, transmission with beam broadening
Conclusions

In this contribution, we discuss CSI contents, particularly we proposed

Proposal 1: 

· UE beamforming can be applied to conduct the channel measurements based on beamformed CSI-RS
· NR should support CSI feedback corresponding to more than one beam pair
 Proposal 2: 

· CSI feedback should be designed to support different MIMO transmission schemes such as high rank transmission, beam selection, beam diversity, coherent and non-coherent joint transmission from multiple beams / transmission points, transmission with beam broadening
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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


For NR, support DL CSI measurement with X antenna ports


Study the values of X = 1,2,4,8,12,16,20,24,28,32


Study whether additional values of X are needed, including X > 32 (e.g., 64)


Other values of X are not precluded
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