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1. Introduction
In RAN1 #90 meeting, following agreements regarding CSI reporting for NR were captured in chairman’s note as 
Agreements:
· Codebook subset restriction (CSR) is supported for Type I single-panel
· CSR supports DFT beam restriction and rank restriction
· Beam restriction is bitmap of length N1O1N2O2 where each bit is associated with DFT beam
· If a PMI is comprising of at least one restricted DFT beam, this PMI is considered as restricted
· FFS:  Beam restriction for rank 3-4 codebooks for 16,24 and 32 ports
· CSR is supported for Type I multi-panel
· CSR supports at least rank restriction and beam restriction
· FFS: Details
· FFS beamforming direction restriction, e.g., it can include at least DFT beam
· FFS CSR for Type II
· CSR supports DFT beam restriction and rank restriction and FFS power restriction
· FFS: Details
· FFS: Impact of CSR on CSI reporting payload size
· FFS CSR for 2Tx

Agreements:
· R1-1715288 is agreed
· Note: the ordering of UCI bits is to be decided by channel coding session
In this contribution, we further discuss remaining issues on CSI reporting for NR. 

Discussion on remaining details for CSI encoding 
1.1.  Encoding of CSI parameters for PUCCH-based reporting
In RAN1#90, following agreements regarding PUCCH-based reporting were made as 
For short PUCCH:
· Only single-slot reporting, no multiplexing of CSI parameters of a report in multiple slots
· Down select one of the following alternatives in RAN1 NR-AH3: 
· Alt. 1: RI/CRI/PMI/CQI jointly encoded
· Alt. 1B: RI/CRI/PMI/CQI with padding bits prior to encoding (to ensure the same payload irrespective of RI)
For long PUCCH:
· Only single-slot reporting, no multiplexing of CSI parameters of a report in multiple slots
· Down select one of the following alternatives in RAN1 NR-AH3: 
· Alt. 1: RI/CRI/PMI/CQI with padding bits prior to encoding (to ensure the same payload irrespective of RI)
· FFS if payload size depends on RI (or CRI, if present)
· Alt. 2: RI/CRI encoded separately from PMI/CQI
· Resource mapping/coding should consider payload size variation for different RI values.

For short PUCCH, there are two alternatives for CSI encoding. In Alt. 1, all CSI components are jointly encoded. Since the total payload depends on the CRI and/or RI, blind detection trials at gNB depend on the CRI/RI, and this increases the gNB decoding complexity. For instance, two CSI-RS resources (CRI=1bit) are configured to UE where CSI-RS resource 1 comprises with 2-port (Table I) and CSI-RS resource 2 comprises with 8-port (Table II). Then, using Alt 1 requires total 5 blind detections, i.e., assuming total payload as 7, 8, 14, 15 and 16. 
Table I. Payload calculation for 2-port CSI-RS with CSI-RS resource 1
	Rank
	CQI
	PMI
	Total Payload
(CRI+RI+CQI+ PMI)

	1
	4
	2
	8

	2
	4
	1
	7



Table II. Payload calculation for 1D 8-port CSI-RS with Config 1 with CSI-RS resource 2
	Rank
	CQI
	PMI
	Total Payload
(CRI+RI+CQI+ PMI)

	1
	4
	6
	14

	2
	4
	7
	15

	3
	4
	7
	15

	4
	4
	7
	15

	5
	7
	5
	16

	6
	7
	5
	16

	7
	7
	4
	15

	8
	7
	4
	15


Meanwhile, in Alt. 1B, the total payload size can be fixed to 16 bits (corresponding to the maximum size), thus single blind detection may be sufficient. However, in this alternative, if the reported CSI is corresponding to 2-port, about 8 bits are unnecessarily required, so that transmission power for this PUCCH-based reporting will be increased compared to Alt 1. In other words, Alt. 1B may cause more uplink interference unnecessarily. For efficiently solving this issue, multiple payload size for CSI reporting can be configured. For example, gNB can configure two values for the payload sizes (or format), e.g., 8 and 16 bits. Based on the CSI-RS, UE will calculate the CSI and decide one fixed payload size for PUCCH transmission. Note that UE will select 8-bit payload in this example. Then, gNB can conduct blind detections only twice for CSI decoding. 
In the case of long PUCCH, Alt. 1 has the same pros and cons with Alt. 1B of short PUCCH. Although Alt 2 resolves ambiguity issue on total payload size due to that the payload of PMI/CQI depends on RI/CRI, resource mapping and coding may be varying according to the RI and CRI. For the commonality among short and long PUCCH, we prefer to have Alt 1 with multiple configurable payload size. 
Proposal 1: Support following CSI encoding for short and long PUCCH in NR.
- RI/CRI/PMI/CQI with padding bits prior to encoding to ensure the same payload (X bits) irrespective of RI where multiple X values are configurable. 

1.2. Encoding of CSI parameters for PUSCH-based reporting
   For PUSCH-based reporting, following encoding of CSI parameters are agreed as  
For Type I: only single-slot reporting:
· A CSI report is composed of up to 2 parts
· Part 1: RI/CRI, CQI for the 1st CW
· FFS: if only wideband CQI is used for the first part 
· Part 2: PMI, CQI for the 2nd CW (when RI>4)
For Type II:
· A CSI report is composed of up to 2 or 3 parts (to be down selected in RAN1 NR-AH3)
· If 3 parts are supported, part 1: RI, CQI for the 1st CW; part 2: wideband amplitude information; part 3: PMI 
· FFS: if only wideband CQI is used for the first part
· If 2 parts are supported, details of parts are FFS
· Resource allocation for CSI reporting should take into account the payload difference between RI=1 and RI=2. Consider both single-slot and multi-slot reporting.
· Strive to maintain single-slot reporting principle (no multiplexing of CSI parameters of a report in multiple slots)
· 

For Type I CSI, Part 1 consists of RI/CRI, CQI for 1st CW while that of LTE PUSCH consists of RI/CRI only. For both cases, the total payload of Part 2 depends on the RI/CRI. However, the payload ratio of 1st Part CSI and 2nd Part CSI, , is quite different due to that CQI for 1st CW is jointly encoded with RI/CRI, and when it comes to SB reporting, the difference becomes much larger. 
In TS 36.212, the resource mapping for UCI on PUSCH without data can be determined by the following formula:

        (1)






where is the number of coded symbols for RI and  is the number of bits for RI, represents the number of bits for CQI/PMI assuming rank=1. Applying above formula to NR, can be defined by  where denotes the number of bits for CSI of i-th part. According to above equation, the ratio of coded bits for each part is proportional to . This resource mapping can work well, since the payload of Part 1 is normally very small compared to that of Part 2 in LTE. 
For NR, based on the agreement in RAN1#90, we can consider following resource mapping for UCI on PUSCH without data as: 
· 
Option A-1: (LTE-like PUSCH resource mapping)
· 
Option A-2:
· 
Option A-2-1: 
· 
Option A-2-2: 








Option A-1 is a straightforward extension of LTE PUSCH resource mapping for UCI. In this option, if the case whereexists, becomes larger than 1, and this may cause the problem for resource mapping. Alternatively, we can consider Option A-2 for resource mapping, and this option ensures thatis always smaller than 1. As in the equation (1), needs to be fixed to a certain value. In our view, the values can be or where andrepresent the minimum number of bits for Part 2 CSI among numbers corresponding to all possible ranks and the number of bits for Part 2 CSI assuming rank 1, respectively.   
For UL power control, we also consider following options as:
· 
Option B-1:  (LTE-like UL power control)
· 
Option B-2: 
· 
Option B-2: 
· 
Option B-2: 
For the ease of explanation, Table III exhibits the payload comparison under the assumption that 32-port CSI-RS, codebook Config 2, # of SB=10, 4bit-CQI table and 2bit differential SB CQI are employed. In this example, if we apply Option B-1, notable performance degradation for decoding Part 1 CSI is expected when RI=3. For solving this issue, one approach can be independent power control for each CSI part at the expense of implementation complexity. In Option B-2, such issues on UL power control can be alleviated. 
Table III. Payload comparison 
	Rank
	CSI Type
	Payload

	RI=1
	Part 1 CSI
	27

	
	Part 2 CSI
	46

	RI=3
	Part 1 CSI
	27

	
	Part 2 CSI
	19


Observation 1: For PUSCH-based reporting in NR, careful investigation on applying extension of LTE PUSCH-like resource mapping/UL power control is needed. 

   Unlike the Type I CSI, there is one more level of payload dependency, i.e., RI>WB amplitude information (WB RPI: relative power indicator) > WB/SB phase information and/or SB amplitude information. Thus, it seems natural to have three-level CSI reports for Type II CSI. However, such three-level CSI report causes much more complex resource mapping/coding compared to two-level CSI report. Thus, it would be beneficial to have two-level CSI report regardless of CSI types. 
The payload dependency between WB RPI and other PMI is occurred when one or more beams have WB RPI=0. In other words, the payload size of other PMI depends on the number of beams with WB RPI=0. Thus, if the number of beams corresponding to WB RPI=0, NRPI0, is reported in the Part 1 CSI, two-level CSI reports is possible. Since the (2L-1) beams can be allocated for WB RPI in Type II CSI, the payload for N_RPI0 is calculated as
 
With above equation, payload of  can be 3-bit or 4-bit according to L value. Then, our proposed two-level CSI reports for Type II CSI can be expressed as
· Part 1: RI,  CQI
· Part 2: PMI, WB RPI
Proposal 2: For PUSCH-based reporting of Type II CSI, support following two-level CSI report:
· Part 1: RI,  CQI (where is the number of beams with WB RPI=0)
· Part 2: PMI, WB RPI

In RAN1#89, codebook based on beamformed CSI-RS for Type II CSI was also agreed to be supported in NR. In this codebook, instead of using orthogonal DFT basis, multiple beamformed CSI-RS ports are selected in wideband wise. Then, the wideband PMI comprises with port selection information and wideband amplitude information (WB RPI), and subband PMI comprises with WB/SB phase information and/or SB amplitude information. In order to have the same principle for Type II CSI encoding, we propose following two-level CSI report for Type II CSI of beamformed CSI-RS.
Proposal 3: For PUSCH-based reporting of Type II CSI based on beamformed CSI-RS, support following two-level CSI report:
· Part 1: RI,  CQI (where is the number of ports with WB RPI=0)
· Part 2: PMI, WB RPI

Remaining issues on UL channel utilization for CSI reporting

In RAN1#90, the following table was agreed. Periodic CSI is supported only on PUCCH. Aperiodic CSI can be supported either on PUSCH or short PUCCH (if Y=0 is supported). For semi-persistent CSI, all three options, i.e., short PUCCH, long PUCCH, PUSCH, are still on the table. 

	[image: ]
(+) FFS: if partial band is a portion of a bandwidth part; wideband is an entire bandwidth part
(*) FFS: The conditions for using short PUCCH vs. long PUCCH
· To be concluded in RAN1 NR-AH3
(**) FFS: Potential down selection of the three options
(***) Type II CSI is only applicable for PUSCH (if supported)
· FFS: support for partial Type II CSI reporting for SP-CSI
(****) If Y=0 supported, A-CSI can also be reported over short PUCCH, e.g. for WB CQI for URLLC



Semi-persistent CSI is a reporting mechanism achieving dynamic control of CSI reporting with less signaling overhead than aperiodic CSI. It can be utilized for regular link monitoring similarly to periodic CSI. It can also be utilized for on-demand CSI acquisition for a certain time duration. The former use case fits into short/long PUCCH, and the latter use case fits into PUSCH. Thus, it is desirable to support both PUCCH and PUSCH for semi-persistent CSI. It should also be noted that type II CSI is supported only on PUSCH. 
In RAN1#90 agreements, an FFS point was captured as ‘Concurrent use of PUCCH and PUSCH reporting in different slots’. We think this feature is useful especially to support semi-persistent CSI for both on PUCCH and PUSCH. For example, initial CSI reporting can be done on PUSCH to deliver CSI with high spatial granularity(e.g. type II PMI, CQI, RI). Then, subsequent CSI reporting can be done on PUCCH to deliver CSI updates (e.g. type I PMI, delta RI/CQI). For another example, PUCCH can be used if SPS PUSCH is unavailable at certain slots due to collision with other high priority channels (e.g. URLLC PUSCH). 

Proposal 4: Support semi-persistent CSI reporting on short PUCCH, long PUCCH, and PUSCH. 
Proposal 5. For semi-persistent CSI reporting, support concurrent use of PUCCH and PUSCH reporting in different slots.

Another important remaining FFS point is the conditions for using short PUCCH and long PUCCH. It should be noted that supportable CSI feedback can be different according to the number of PUCCH symbols as well as PUCCH type (i.e. short or long). Short PUCCH can span one or two symbols and Long PUCCH can span from 4 symbols up to 12 symbols so that the supportable sets of CSI feedback contents should be defined per PUCCH type, i.e. short duration or long duration, and per time/frequency resource size of PUCCH, i.e. the number of symbols and PRB size. In this regard, conditions on number of PUCCH symbols and/or PRB size should be defined for type I subband CSI reporting on long PUCCH, i.e., PUCCH time duration>X and/or PUCCH PRB size>Y. For wideband CSI reporting on long PUCCH, these conditions may not be necessary. 
Proposal 6. For Type I subband CSI reporting on long PUCCH, supported conditions on the number of PUCCH symbols and/or PRB size should be defined.

Remaining issues on CSI timing

In RAN1 NR Ad-hoc#2, it was agreed that aperiodic CSI reporting timing offset Y is indicated by the DCI field defined for K2 indication. The candidate set of values of Y is configured in RRC and restricted conditions for Y need to be defined according to configuration of CSI related settings. For URLLC application, at least one value from Y=0 and Y=1 needs to be supported. Considering UE computation time, subband PMI reporting and wideband PMI reporting with more than 2[or 4] CSI-RS ports should not be allowed for Y=0 and Y=1. In addition, at least one value from Y=3 and Y=4 needs to be supported for normal CSI reporting, i.e. without any restriction. Data encoding and CSI calculation can be processed simultaneously by implementing parallel processing at the UE side so that the abovementioned conditions for the small values of Y seems not need to be separated for the two cases of CSI reporting on PUSCH; CSI only or UL data multiplexed with CSI. 
Proposal 7: Support following values to be configured in RRC for aperiodic CSI reporting offset Y:
· At least one value from {0,1}
· At least one value from {3,4}
Proposal 8: For aperiodic CSI reporting offset Y=0 and/or Y=1, following reporting configurations are not allowed.
· Subband PMI/CQI
· Wideband PMI with antenna ports larger than 2
Following current agreement, it is more natural to configure the candidate set of values of Y per reporting setting. In this case, all RRC configured values of Y can satisfy the pre-defined restricted conditions. One issue here is that how the DCI field can be interpreted by UE when a PUSCH is used for both UL data and CSI reporting. Assume that RRC configures N values for K2 as {k_1, …, k_N} and N values for Y for a reporting setting {y_1, …, y_N}. If UE is indicated to report aperiodic CSI together with UL data, there is an ambiguity to follow which set of values. One direction to address this issue is to make a rule to generate the DCI table from two sets of values when CSI and UL data are multiplexed (e.g. by overlapped values only). Another direction is to follow one set between the two configured sets. In this case, UE behavior may need to be further defined when the DCI indicated value does not belong to both sets. If UE interprets DCI table from RRC configured K2 values and if DCI indicated value does not belong to the set of values of Y, UE may not be able to have sufficient time for CSI computation so that UE behavior in this case needs to be specified (e.g. transmit dummy information or previously reported CSI). 
Proposal 9: For dynamic PUSCH timing indication when CSI and UL data are multiplexed, support one of the following options:
· Opt1. DCI table is generated from the two RRC configured sets of values, one set for K2 and the other set for Y, respectively. (e.g. overlapped values only)
· Opt2. DCI table is composed of the RRC configured set of values for K2
· Opt3. DCI table is composed of the RRC configured set of values for Y

Discussion on codebook subset restriction (CBSR) 
During the study on Rel-13 FD-MIMO, per beam based codebook subset restriction is introduced in order to efficiently mitigate the inter-cell interference. In other words, N1O1N2O2 +8 bit-map is used to restrict all of DFT beams and ranks in Class A codebook. In NR Type I CSI feedback, the same approach for CBSR can be applied. However, following issue needs to be resolved in advance.
In the case of Type I CSI with rank 3-4 and X(>=16)-port CSI-RS and multi-panel codebook, a precoding vector per layer per polarization is comprised with the DFT beam and co-phase(s). For instance, the number bitmap size with per beam CBSR for SP Type 1 CSI is varying according to the rank as  
.
Note that for rank 3 and 4, sub-group co-phase (QPSK) is taken into account in addition to the DFT beams for each sub-group. Thus, a simple approach to solve above issue is setting the size of CBSR bit map as 3N1O1N2O2 and de-coupling the rank restriction part. 
[bookmark: _GoBack]Proposal 10: For SP Type I CSI, following bitmap is used for codebook subset restriction. 

where for rank 3 and 4, sub-group co-phase (QPSK) is taken into account in addition to the DFT beams for each sub-group.

For Type II CSI, the CBSR is also important functionality for interference management. In Type II CSI, the precoding vector comprises with linear combination of multiple DFT beams. Thus, per beam based CBSR can also work well in Type II CSI. One of disadvantage of Type II CSI is the very large payload size. To control the payload size in Type II CSI, CBSR can be employed. In this case, the number of combining beam or the granularity of combining coefficient can be restricted by CBSR. 
Proposal 11. For Type II CSI feedback, at least per beam based CBSR is supported.  

Conclusion
This contribution further discussed remaining details for CSI encoding/reporting. Based on the above discussion, following observation and proposals are given as: 
Observation 1: For PUSCH-based reporting in NR, careful investigation on applying extension of LTE PUSCH-like resource mapping/UL power control is needed.
Proposal 1: Support following CSI encoding for short and long PUCCH in NR.
- RI/CRI/PMI/CQI with padding bits prior to encoding to ensure the same payload (X bits) irrespective of RI where multiple X values are configurable. 
Proposal 2: For PUSCH-based reporting of Type II CSI, support following two-level CSI report:
· Part 1: RI,  CQI (where is the number of beams with WB RPI=0)
· Part 2: PMI, WB RPI
Proposal 3: For PUSCH-based reporting of Type II CSI based on beamformed CSI-RS, support following two-level CSI report:
· Part 1: RI,  CQI (where is the number of ports with WB RPI=0)
· Part 2: PMI, WB RPI
Proposal 4: Support semi-persistent CSI reporting on short PUCCH, long PUCCH, and PUSCH. 
Proposal 5. For semi-persistent CSI reporting, support concurrent use of PUCCH and PUSCH reporting in different slots.
Proposal 6. For Type I subband CSI reporting on long PUCCH, supported conditions on the number of PUCCH symbols and/or PRB size should be defined.
Proposal 7: Support following values to be configured in RRC for aperiodic CSI reporting offset Y:
· At least one value from {0,1}
· At least one value from {3,4}
Proposal 8: For aperiodic CSI reporting offset Y=0 and/or Y=1, following reporting configurations are not allowed.
· Subband PMI/CQI
· Wideband PMI with antenna ports larger than 2
Proposal 9: For dynamic PUSCH timing indication when CSI and UL data are multiplexed, support one of the following options:
· Opt1. DCI table is generated from the two RRC configured sets of values, one set for K2 and the other set for Y, respectively. (e.g. overlapped values only)
· Opt2. DCI table is composed of the RRC configured set of values for K2
· Opt3. DCI table is composed of the RRC configured set of values for Y
Proposal 10: For SP Type I CSI, following bitmap is used for codebook subset restriction. 

where for rank 3 and 4, sub-group co-phase (QPSK) is taken into account in addition to the DFT beams for each sub-group.
Proposal 11. For Type II CSI feedback, at least per beam based CBSR is supported.  
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