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[bookmark: _GoBack]Introduction
In the previous RAN1 meetings, there have been various agreements related to CSI reporting. In this section, we list the relevant agreements and try to group them according to topic in order to get an overview. 
Agreements related to periodicity of CSI reporting:
Agreements:
· NR supports aperiodic CSI reporting
· For NR, support both periodic and semi-persistent CSI reporting:
· For periodic: higher-layer configuration of reporting periodicity and timing offset
· FFS for the case of semi-persistent CSI reporting w.r.t. reporting periodicity and timing offset
· FFS on detailed signaling

Agreements related to frequency-granularity of CSI reporting:

Agreements:
· Define “CSI reporting band” as a collection of (contiguous or non-contiguous) subbands pertinent to a CSI reporting setting
· FFS how the CSI reporting band is determined
· Three frequency granularities are supported:
· Wideband reporting
· Partial band reporting
· Subband reporting

Agreements related to physical channels carrying CSI reports:

Agreements:
· Support following features for NR CSI acquisition
· CSI reporting via short duration PUCCH
· FFS on detailed setting in CSI reporting setting
· CSI reporting via long duration PUCCH
· FFS on detailed setting in CSI reporting setting
· PUCCH reporting which is contained in a single slot
· FFS on PUCCH reporting which is contained in multiple slots
Agreements:
1. RAN1 supports aperiodic CSI report on PUSCH, including two cases: 
a. Case-1: CSI reports multiplexing with uplink data in PUSCH
b. Case-2: CSI reports only in PUSCH (no uplink data)
c. Note: how to multiplex UCI with PUSCH is under discussing in UCI multiplexing A.I. 
2. FFS: aperiodic CSI report on PUCCH

Agreements related to CSI reporting content:
Agreements:
· For Type I feedback, NR supports at least the following (DL) CSI reporting parameters
· Resource selection indicator (Examples for further study are reference signal resource, port, reference signal sequence, beam)
· RI (rank indicator)
· PMI (precoding matrix indicator)
· Channel quality feedback

Agreements:
· For NR, the CSI parameter CRI (CSI-RS Resource Indicator) is supported 
· FFS the applicability to CSI acquisition/beam management

Agreements:
· Slides 4 to 24 in R1-1709232 are agreed
· For slide 20, FFS whether or not support frequency-dependent parameterization and if so, the details
· FFS whether or not to further enhance analog beamforming related operations especially for >1 layers
Agreements:
· At least for full channel reciprocity, support at least the following CSI acquisition scheme based on channel reciprocity in NR 
· Non-PMI feedback
· CSI contains RI and CQI
Agreements:
· At least some combination(s) of the CSI parameters (e.g., CRI, RI, PMI, CQI, etc.) can be configured to be omitted from reporting within a CSI reporting setting
· FFS details 

In this contribution, we discuss further what formats of CSI reporting are needed and our view on how they should be defined, including what physical channels should carry the CSI reports, what CSI parameters should be the content and what should be the frequency-granularity.
Summary of CSI reporting agreements and open issues
According to the aggregation of agreements presented in the introduction, the following has been agreed: 
· Aperiodic reporting, semi-persistent and periodic CSI reporting
· Aperiodic reporting carried on PUSCH
· CSI reporting on both short and long PUCCH, which is contained in a single slot
· Wideband, partial band and subband frequency-granularity of CSI reporting
· PMI definitions for Type I and Type II codebooks 
· CSI reporting content for Type I include CRI, RI, PMI and CQI
· CSI reporting content for Type II include PMI
· PMI payload depends on selected value of WB amplitude coefficient
· (At least) PMI can be configured to be omitted from the CSI report (i.e. non-PMI feedback)
As can be seen, the agreements regarding CSI reporting are quite few and on a high level and there are thus numerous open issues which need to be addressed, and are summarized below:
Open issues:
· Decide what physical channel (i.e. PUCCH/PUSCH) carry periodic and semi-persistent reporting 
· Decide what feedback formats are needed for periodic/SP/aperiodic reporting
· E.g. frequency-granularity of CSI parameters, applicability to codebook type
· Define the partial band CSI frequency-granularity 
· Define the subband size for different system bandwidths
· Define scope and content of semi-persistent reporting
· Clarify CSI reporting content for Type II
· Specify how CSI parameters are encoded in UCI for the different reporting modes
In our companion contribution [1], we discuss the definition of the partial band frequency-granularity. In our other companion contribution [2], we discuss the encoding of CSI parameters in UCI. The details of semi-persistent CSI reporting on PUSCH is discussed in [3]. The remaining open issues are addressed in the following sections.
CSI reporting modes in LTE
In LTE, UEs can be configure to report CSI in periodic or aperiodic reporting modes. Periodic reporting is intended to give an initial coarse CSI, for instance for inactive UEs which are not currently having data in their buffers or for PDCCH transmission. The periodic report thus have a small payload as it needs to be frequently transmitted and as the CSI needs to be frequently calculated by the UE. Aperiodic reporting on the other hand is dynamically triggered only when needed, such as when the UE receives a larger packet and will be transmitted  for some period of time. The aperiodic report can thus have a finer granularity corresponding to a larger payload as the CSI is only calculated and reported when needed. Periodic CSI reports are carried on PUCCH using PUCCH Format 2 (for single cell operation) which has a maximum payload of 11 bits. In case of carrier aggregation, CSIs for multiple cells are carried on the larger PUCCH Formats 3-5. A PUCCH is transmitted in a fixed or configured number of PRBs and using a single spatial layer with QPSK modulation and thus cannot benefit from link adaptation. If a periodic CSI report occasion coincides with a scheduled PUSCH transmission, the periodic CSI report is piggybacked on PUSCH. Aperiodic reporting, on the other hand, is always carried on PUSCH and the resources carrying the aperiodic CSI report are dynamically allocated through uplink grants carried over PDCCH and can occupy a variable number of PRBs, use modulation states such as QPSK, 16QAM, and 64 QAM, as well as multiple spatial layers. 
Frequency-granularity of CQI reporting
LTE supports two different frequency-granularities for CQI reporting: wideband and subband, where the subband reporting modes can be either UE-selected or higher layer-configured. In UE selected subband reporting, the system bandwidth is divided into a number of subband parts each contains a number of subbands, a UE picks the best subband in each bandwidth part and reports back to eNB the subband index in each bandwidth part and the corresponding CQI together with a wideband RI and PMI.  This reporting mode save some feedback overhead, but it does not provide the “whole picture” of the channel state over the full bandwidth and it restricts the eNB to schedule on only the UE selected subbands. The feature still has had an FGI bit in LTE since Rel-8, which is indicative of the hesitance to implement this feature.  Given that “higher layer configured” subband CQI reporting provides both wideband and all subband channel information, it is hard to see the usefulness of “UE selected subband CQI” in NR. 
[bookmark: _Toc481773655][bookmark: _Toc485417246]“UE selected subband CQI” reporting mode in LTE is less effective for NR given the much wider bandwidth.
Frequency-granularity of PMI reporting
The no-PMI mode, (Mode X-0), where CQI and RI is calculated assuming the configured codebook but PMI is not reported, as well as Wideband PMI reporting (Mode X-3) is supported both for aperiodic and periodic reporting in LTE, while subband PMI reporting is supported only for aperiodic CSI reporting on PUSCH, due to the increased payload size.
PMI subsampling and report multiplexing of periodic reports
Due to the limited payload size of PUCCH Format 2, even a wideband PMI report cannot fit in a PUCCH transmission for all number of antenna ports. Therefore, in the cases where this hold true, codebook subsampling was applied to reduce the PMI payload. However, subsampling a codebook for a certain number of ports is rather inefficient way of acquiring a more spatially coarse CSI as the UE still needs to measure on the full number of antenna ports, which impacts the RS overhead as well as UE complexity. Further, it complicates the specification as a set of subsampling rules has to be defined. Another approach is to instead transmit a smaller dimension CSI-RS in wider beams and use a smaller dimension codebook for periodic CSI reporting. This further has the benefit that the PMI feedback corresponds to wider beams covering the entire angular range rather than narrow beams covering only a subset of the angular range, which can be the result from codebook subsampling.
[bookmark: _Toc485417247]To attain a spatially coarse CSI with a given payload, it is more beneficial to use a codebook for a smaller number of ports than to subsample a codebook for a larger number of ports
In LTE, a periodic report can be spread out over several PUCCH transmissions and the report is thus not self-contained in each PUCCH transmission. This creates an inter-subframe dependency which is undesirable. For instance, RI can be transmitted in one PUCCH transmission for some reporting modes, while PMI can be transmitted in a subsequent PUCCH transmission. But as PMI payload and interpretation depends on the previously reported RI, a failure to correctly decode the first PUCCH transmission implies that the subsequent PUCCH transmission is incorrectly decoded as well, which is not very robust. Further, it creates an unnecessary complicate standard with a lot of reporting modes and sub-modes which uses different multiplexing of different CSI components across PUCCH transmission depending on e.g. what codebook is used. In addition, if HARQ-ACK needs to be transmitted in the same PUCCH transmission as one containing CSI, the payload may be too large for the PUCCH Format and the CSI may be dropped according to a prioritization rule, which is not very robust either.
[bookmark: _Toc485417248]Multiplexing a CSI report over several PUCCH transmission is less robust and creates an unnecessarily complicated specification

CSI reporting modes in NR
For NR, the CSI reporting framework runs the risk of becoming quite complicated as additional CSI components and reporting modes on top of what exists in LTE has already been agreed (e.g. semi-persistent reporting, partial band, additional codebooks). Therefore, RAN1 should carefully decide what reporting modes are required, i.e. start with a clean sleight and add reporting modes one by one based on their additional benefit. The assumption shall not be that a certain reporting mode needs to be supported in NR just because it exists in LTE.
Periodic CSI reporting
As periodic CSI report should only contain a coarse and lightweight CSI to support an initial or short packet transmission and PDCCH link adaptation, it should be relatively easy to compute to reduce UE complexity and power consumption. The frequency and spatial granularity should be low as a more detailed aperiodic report can be triggered if necessary. It thus makes sense to only support Type I CSI and to limit wideband or partial band reporting for CQI and PMI.
[bookmark: _Toc485214739][bookmark: _Toc485214756][bookmark: _Toc485215204][bookmark: _Toc485222367][bookmark: _Toc485417173][bookmark: _Toc485417218][bookmark: _Toc485417253]Only Type I PMI is supported for periodic reporting
[bookmark: _Toc485214740][bookmark: _Toc485214757][bookmark: _Toc485215205][bookmark: _Toc485222368][bookmark: _Toc485417174][bookmark: _Toc485417219][bookmark: _Toc485417254]Subband CQI and PMI is not supported for periodic CSI reporting 
Further, as a key principle of NR, transmissions should be self-contained, multiplexing a CSI report over several PUCCH transmissions as in LTE should be avoided.
[bookmark: _Toc485214741][bookmark: _Toc485214758][bookmark: _Toc485215206][bookmark: _Toc485222369][bookmark: _Toc485417175][bookmark: _Toc485417220][bookmark: _Toc485417255]A periodic CSI report is self-contained and is carried on a PUCCH transmission in a single slot only. 
It has been agreed that a Type I report is comprised of PMI, RI, CQI and optionally CRI. According to the recently agreed Type I codebooks, the maximum WB PMI payload for single-panel codebooks, occurring for 32 antenna ports with rank-2 with L=4, amounts to 12 bits (8 for W1 + 4 for W2). For multi-panel codebooks, the maximum WB PMI payload is 15 bits (11 for W1 (including 4 bits inter-panel cophase) + 4 bits for W2). As maximum rank-8 is defined for the codebooks, the RI payload is 3 bits. Assuming CQI for the first CW uses 4 bits as in LTE and that the CQI for the second CW is differentially encoded using 3 bits, the maximum CQI payload, occurring at rank>4, is 7 bits. For CRI, it has been agreed that  is the maximum number of CSI-RS resources in a CSI-.RS resource set used for CSI acquisition, therefore the maximum CRI payload is 3 bits. Thus, we observe:
[bookmark: _Toc485417249]The maximum Type I payload for PMI / CQI / RI / CRI is 12 + 7 + 3 + 3 = 25 bits for single-panel codebook and 15 + 7 + 3 + 3 = 28 bits
It has been agreed that short PUCCH is designed for a payload up to a few tens of bits and it has further been agreed that short PUCCH can span a configurable number of resources (up to 6 PRBs and 2 OFDM symbols). Thus, for a larger short PUCCH “format” with 6 PRBs, a UCI of ~30 bits can be squeezed in even for a single-symbol short PUCCH, with the caveat that this could lead to a quite high code rate which could lead to less PUCCH coverage on the cell edge. However, the worst-case P-CSI payload can fit in a short PUCCH even P-CSI needs to be multiplexed with e.g. CBG-level HARQ-ACK in the UCI. Thus, there is no need to define codebook subsampling schemes for P-CSI reporting in NR.
[bookmark: _Toc485417250]Worst case P-CSI payload can fit on single-symbol short PUCCH
[bookmark: _Toc485214742][bookmark: _Toc485214759][bookmark: _Toc485215207][bookmark: _Toc485222370][bookmark: _Toc485417176][bookmark: _Toc485417221][bookmark: _Toc485417256]Codebook subsampling is not used for periodic CSI reports
Typically though, a gNB would not configure P-CSI reporting with such a large number of ports, but instead use a smaller number of port, such as 2 or 4 ports. Assuming 2 ports, the PMI payload is 2 bits, RI payload is 1 bit and CQI payload is 4 bits, resulting in a P-CSI payload of 7 bits, which can be more reliably transmitted on short PUCCH and could require a smaller PRB allocation. One approach could thus be to allow P-CSI reporting for all number of antenna ports, supporting the worst case P-CSI payload, and leave it up to gNB implementation to configure an appropriately-sized PUCCH resource (but where the UE shall not be expected to report P-CSI payloads exceeding the UCI size). However, this could possibly complicate control channel designs as worst case CSI payload has to be assumed, especially regarding multiplexing CSI with additional UCI content. Another approach could be to limit the number of antenna ports that can be used for P-CSI in order to constrain the worst case payload. Regardless of what approach is chosen, a periodic CSI report should be carried on short PUCCH, at least for one component carrier
[bookmark: _Toc485214743][bookmark: _Toc485214760][bookmark: _Toc485215208][bookmark: _Toc485222371][bookmark: _Toc485417177][bookmark: _Toc485417222][bookmark: _Toc485417257]Periodic CSI for single CC is carried only on short PUCCH 
In case of carrier aggregation, P-CSI reports for several CCs may be multiplexed on a single PUCCH transmission. In this case, it makes sense to use the longer PUCCH format
[bookmark: _Toc485214744][bookmark: _Toc485214761][bookmark: _Toc485215209][bookmark: _Toc485222372][bookmark: _Toc485417178][bookmark: _Toc485417223][bookmark: _Toc485417258]Periodic CSI for multiple CC may carried on long PUCCH 

Aperiodic CSI reporting in NR
Aperiodic CSI reporting has been agreed to be carried on PUSCH similarly as for LTE. As aperiodic CSI is only triggered when needed, detailed high-resolution CSI with fine spatial and frequency-granularity shall be supported. Thus, both Type I and Type II reporting should of course be supported for A-CSI reporting. As PUSCH is subject to link adaptation and is more spectrally efficient than PUCCH, it is more fit to carry the larger payloads.
Supported frequency-granularities
In our view, NR should at least support subband granularity of both CQI and PMI for aperiodic reporting, where the subbands are configured by higher layer rather than being UE-selected. 
[bookmark: _Toc485214745][bookmark: _Toc485214762][bookmark: _Toc485215210][bookmark: _Toc485222373][bookmark: _Toc485417179][bookmark: _Toc485417224][bookmark: _Toc485417259]Support at least higher-layer configured subband CQI and subband PMI for aperiodic reporting
Other combinations of WB/SB PMI/CQI could be additionally supported if a they can be proven to be beneficial.
Subband sizes
A good starting point for subband sizes can be the LTE subband size defined in Table 2. As NR supports lager bandwidths than LTE, subband sizes for these larger bandwidths needs to be defined as well. Due to that NR also supports different numerologies, the question also arises if the subband size should depends on the numerology (which may be implemented as a configurable subband size for a given system bandwidth). Further study is needed to derive appropriate subband sizes taking into account performance and overhead.
[bookmark: OLE_LINK8][bookmark: OLE_LINK7]Table 2: Subband Size (k) vs. System Bandwidth
	System Bandwidth
	Subband Size

	

	(k)

	6 - 7
	NA

	8 - 10
	4

	11 - 26
	4

	27 - 63
	6

	64 - 110
	8



Semi-persistent CSI reporting in NR
Although semi-persistent CSI reporting will be supported in NR, it is unclear whether CSI will be carried on PUCCH or PUSCH. In case of semi-persistent CSI reporting based on periodic CSI-RS transmission, the semi-persistent CSI reporting can be considered as a time windowed version of periodic CSI reporting.  
For semi-persistent CSI reporting based on semi-persistent CSI-RS transmission, it is less clear what it looks like. In one option, it can be considered as a time windowed version of both periodic CSI-RS transmission and periodic CSI reporting. In this case, other than the dynamic activation and deactivation part, the rest of the higher layer configurations can be the same as configuring periodic CSI reporting. However, this means that only a single transmission scheme is configured and the CSI reporting corresponds to only the configured transmission scheme and CSI feedback type.  
Given that one design goal in NR is to be switch transmission schemes dynamically, it seems to be desirable to be able to support different Tx schemes or feedback types by semi-persistent CSI feedback at least for semi-persistent CSI-RS transmission, in which different Tx schemes and/or feedback types can be configured in different activation time periods.  
[bookmark: _Toc481788160][bookmark: _Toc485417251]It is desirable to support different Tx schemes or feedback types by semi-persistent CSI feedback in different activation time periods.
Further details of semi-persistent CSI reporting are discussed in another companion paper [3].

On omitting CSI parameters
According to a prior agreement, at least some combinations of CSI parameters (e.g. RI, PMI, CQI, CRI) can be configured to be omitted from reporting within a CSI reporting setting. As non-PMI feedback is supported, this agreement has been fulfilled and it is unclear if any other combinations of CSI parameters should be allowed to be omitted. The use case for omitting some CSI parameters could for instance be in hybrid reporting where a (partial) PMI could be reported without e.g. CQI. However, in our view, the overhead saving from omitting some CSI parameters is generally quite small while it complicates the CSI feedback design. 

[bookmark: _Toc485417252]Unclear if any other combinations of CSI parameters other than the already agreed non-PMI feedback needs to be supported



Conclusions
In this contribution, we made the following observations and proposal:
Observation 1	“UE selected subband CQI” reporting mode in LTE is less effective for NR given the much wider bandwidth.
Observation 2	To attain a spatially coarse CSI with a given payload, it is more beneficial to use a codebook for a smaller number of ports than to subsample a codebook for a larger number of ports
Observation 3	Multiplexing a CSI report over several PUCCH transmission is less robust and creates an unnecessarily complicated specification
Observation 4	The maximum Type I payload for PMI / CQI / RI / CRI is 12 + 7 + 3 + 3 = 25 bits for single-panel codebook and 15 + 7 + 3 + 3 = 28 bits
Observation 5	Worst case P-CSI payload can fit on single-symbol short PUCCH
Observation 6	It is desirable to support different Tx schemes or feedback types by semi-persistent CSI feedback in different activation time periods.
Observation 7	Unclear if any other combinations of CSI parameters other than the already agreed non-PMI feedback needs to be supported

Proposal 1	Only Type I PMI is supported for periodic reporting
Proposal 2	Subband CQI and PMI is not supported for periodic CSI reporting
Proposal 3	A periodic CSI report is self-contained and is carried on a PUCCH transmission in a single slot only.
Proposal 4	Codebook subsampling is not used for periodic CSI reports
Proposal 5	Periodic CSI for single CC is carried only on short PUCCH
Proposal 6	Periodic CSI for multiple CC may carried on long PUCCH
Proposal 7	Support at least higher-layer configured subband CQI and subband PMI for aperiodic reporting
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