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1	Introduction
During the RAN1 NR AH#3 meeting in September, open issues on CSI reporting were discussed and finally agreed in [1] [2] for Type I and Type II CSI, and some selective issues are listed as follows.
Encoding for PUSCH-based reporting:
· Proposal: For Type II, 
· CSI parameters of a Type II CSI report are not multiplexed across multiple PUSCH transmissions
· Use a two-part scheme with
· Part 1 contains RI, CQI and indication of the number of non-zero wideband amplitude coefficients per layer
· Fixed payload size used for part 1; part 2 contains remaining CSI
· Indication of the number of non-zero wideband amplitude coefficients per layer in part 1
· Proposal: Separately encoded parts of a CSI report on PUSCH carrying UL-SCH have different transmission priority
· Part 1 (used to identify the number of information bits in part 2) has higher priority
· Part 1 is first included in a transmission in their entirety before part 2
· Information bits and/or channel coded bits of part 2 can be partially transmitted
· Omit CSI parameters corresponding to at least one subbands for part 2
· TBD by RAN1#90bis: if all of part 2 can be dropped as a special case
· TBD by RAN1#90bis: specify one of the following omission rules: 
· Omitted subbands are determined based on a decimation ratio and/or a priority pattern used to order subband CSI (defined in specification) 
· Omitted subbands are determined based on the measured subband CQI included in part 1
CSI reporting characteristics:
· Proposal: 
· Type II CSI can be configured to be carried both on long PUCCH and on PUSCH
· CSI parameters of a report are not multiplexed across PUCCH or PUSCH transmissions
· Type II CSI reports carried on long PUCCH consist only of part 1
· Type II CSI reports carried on PUSCH consist both of part 1 and part 2,
· Taking into account CSI part priority in slide 6 on encoding for PUSCH-based reporting
· CSI reports on long PUCCH and on PUSCH are calculated independently 
· Note: Whether a UE can be configured with Type II CSI reports on both long PUCCH and PUSCH is a UE capability
· Either a long or short PUCCH resource can be configured to carry a CSI report
· As long as payload size of long or short PUCCH is sufficient to avoid multiplexing a CSI report across multiple PUCCH transmissions
· Note: this allows a small CSI payload to be transmitted on long PUCCH e.g. for coverage 
· Support S-CSI on PUSCH using similar mechanism to LTE SPS
· Resources/MCS for S-CSI on PUSCH are allocated semi-persistently using DCI
· S-CSI supports Type II with minimum periodicity of 5ms
· Support A-CSI on short PUCCH using higher-layer PUCCH resource configuration and DCI-based triggering, [working assumption: including with Y>0]
· FFS: timing relationship relative to CSI-RS
This contribution mainly discusses some remaining details on CSI reporting for the Type II and Type I codebook.
2	On CSI reporting for Type II codebook
2.1 Type II CSI payload statistic
NR Type II CSI feedback requires large reporting overhead to acquire enhanced spatial channel information. According to the agreed WF in [3], Type II CSI is a dual-stage codebook structure up to rank 2, W = W1 x W2. The first stage W1 consists of a set of L orthogonal beams selected from the predefined oversampled 2D DFT beams for a single polarization, and beam selection is realized in wideband (WB). The second stage W2 consists of 2L-1 beam combining coefficients for L selected beams and 2 polarizations in each layer. Generally, beam combining coefficients can be divided into phase combining and amplitude scaling quantization separately. Phase combining is configured for subband (SB) reporting, and amplitude scaling is configured to report WB amplitude with or without SB differential amplitude.
Generally, Type II CSI includes RI, PMI and CQI as in LTE. According to the latest agreement [1], Type II CSI is divided into two parts. Part 1 CSI contains RI, CQI and indication of the number of non-zero wideband amplitude coefficients per layer, and Part 2 CSI contains remaining CSI, such as beam selection, WB amplitude and its strongest coefficient per layer, SB phase combining per layer and SB differential amplitude per layer (if configured). 


Part 1 CSI has the fixed payload size. Since the Type II codebook has only defined a maximum of 2 layers at present, 1 bit is enough for RI reporting. In NR, a single codeword is configured when RI is no more than 4, hence a single CQI is needed for the Type II codebook. If reusing the LTE spec as a starting point, the CQI consists of a WB CQI and a set of SB CQIs. WB CQI value represents a 4-bit CQI quantization and SB CQI values are encoded differentially with respect to WB CQI using 2 bits. Finally indication of the number of non-zero WB amplitude includes two indices in terms of different layers. Assume that L orthogonal beams are selected for the Type II codebook. There are 2L WB amplitude coefficients per layer, and then the number of non-zero WB amplitudes is signaled by using  bits for two layers. If RI = 1, the second half of the payload with  bits has no meaning and can be ignored by the gNB. For example, payload size of Part 1 CSI is calculated in Table 1 in terms of number of beams L. From Table 1, the payload size of Part 1 CSI is 29~31 bits, and is fixed for a specific beam number regardless of RI value.


Table 1: Example payload size calculations for Part 1 CSI
	L
	RI
	WB CQI
	SB CQI
(10 SBs)
	Indication of the number of non-zero WB amp
	Total payload

	2
	1
	4
	20
	4
	29

	3
	1
	4
	20
	6
	31

	4
	1
	4
	20
	6
	31


The payload size of Part 2 CSI is variable depending on RI and the number of non-zero WB amplitude per layer. For example, CSI payload size when RI = 1 is nearly half of the RI = 2 payload due to the reduction in the number of layers. When a WB amplitude out of 2L coefficients is quantized into zero for a layer, its SB phase combining coefficient and even SB differential amplitude, if configured, have no need to be reported for the layer, and then feedback payload is saved correspondingly. Therefore, the payload of Part 2 CSI is identified by the number of non-zero WB amplitudes as well as RI in Part 1 CSI.
In Table 2, the detailed payload statistics of Part 2 CSI are listed in terms of the number of non-zero WB amplitudes N per layer and number of beams L, assuming rank 1 transmission. Figure 1 gives the payload statistics in line with Table 2. Type II CSI has the following configuration assumptions according to [3]:
· (WB amplitude, SB amplitude, SB phase) are quantized and reported in (X, Y, Z) bits as follows:
· (N1, N2) = (4, 4), (O1, O2) = (4, 4)
· 
Beam selection is signaled using  bits.
· For WB+SB amplitude
· (X, Y, Z) = (3, 1, 3) for the first (K–1) leading (strongest) coefficients out of (2L–1) coefficients, and (X,Y,Z) = (3,0,2) for the remaining (2L–K) coefficients
· For L=2, 3, and 4, the corresponding value of K is 4 (=2L), 4, and 6, respectively.
· The index of the strongest coefficient out of 2L coefficients is reported per layer in a WB manner.
· The number of non-zero WB amplitudes is N for a layer.
Table 2: Example payload size calculations for Part 2 CSI assuming rank 1 transmission
	
	Beam Selection
	Strongest Coefficient
	WB Amp
	Total WB Payload
	SB Amp
(1 SB)
	SB Phase
(1 SB)
	Total Payload
(WB + 10 SBs)

	2
	11
	2
	9
	22
	
	
	

	3
	14
	3
	15
	32
	
	
	8

	4
	15
	3
	21
	39
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Figure 1: Payload statistic of Part 2 CSI assuming rank 1 transmission
According to Table 2 and Figure 1, the Type II codebook has a variable CSI payload size with increasing number of non-zero WB amplitudes, for example, 22~142 bits for L=2 beams, 32~190 bits for L=3 beams, and 39~280 bits for L=4 beams, assuming rank 1 transmission.
Observation 1: Given the codebook configuration, Type II CSI feedback can be divided into fixed overhead (e.g.: Part 1 CSI) and variable overhead (e.g.: Part 2 CSI).
Observation 2: If subband feedback for beams with zero wideband amplitude is not transmitted, then subband feedback overhead in Part 2 CSI depends on feedback of the number of non-zero wideband amplitudes in addition to the rank indicator contained in Part 1 CSI.
2.2 Concurrent configuration of PUCCH and PUSCH reporting
Since Type II CSI has variable size payload, there generally exist some conflicts between gNB allocating resources and real UE feedback payload requirement. To solve this problem, Type II CSI can be configured on both long PUCCH and PUSCH [1].
Only Part 1 of Type II CSI can be carried on long PUCCH semi-persistently. gNB will allocate resources on PUSCH for UE based on recently received Part 1 CSI on long PUCCH, including RI and indication of the number of non-zero WB amplitude per layer. However, the allocated resources are relatively fixed during PUCCH reporting periodicity, so resource allocation and feedback payload size cannot be flexibly adapted to channel variation of UE.
Part 1 and Part 2 of Type II CSI are also reported on PUSCH semi-persistently or aperiodically according to DCI triggering. The allocated resources of Part 2 CSI is signaled in DCI by gNB according to recently received long PUCCH reporting. Part 1 CSI of PUSCH should be adjusted to fit into the allocated resources, and then its Part 2 CSI is calculated based on the updated Part 1 indication on PUSCH.
Observation 3: When Type II CSI is configured on both long PUCCH and PUSCH, Part 1 CSI reporting on long PUCCH supplies useful information for the subsequent PUSCH resource allocation for the full feedback. But resource allocation and feedback payload size on PUSCH cannot be flexibly adapted to channel variation of UE during PUCCH reporting periodicity.
2.3 Overhead reduction for WB amplitude in Part 2 CSI
Since indication of the number of non-zero WB amplitudes per layer is specifically defined in Part 1 of Type II CSI, WB amplitude feedback in Part 2 CSI can be further optimized to reduce its feedback overhead [4]. Naturally this overhead reduction solution is suitable for both Type II single-panel codebook and Type II codebook for beamformed CSI-RS.
For example, WB amplitude feedback in Part 2 CSI can be divided into three parameters: indices of the N non-zero WB amplitude beams per layer, the strongest index out of N non-zero coefficients per layer, and (N-1) WB amplitudes, excluding the strongest one, for each layer. Herein indices of the N non-zero WB amplitude are quantized jointly using  bits for a layer. The strongest index out of N non-zero coefficients is quantized as  bits for a layer. (N-1) WB amplitude coefficients are quantized as  bits for a layer assuming 3-bit WB amplitude quantization. Therefore, the total payload of the proposed WB amplitude feedback is  bits for a layer.
However, the traditional WB amplitude feedback in Part 2 CSI contains the strongest index out of 2L coefficients and (2L–1) amplitude coefficients per layer. The strongest index is quantized as  bits, and (2L–1) amplitude coefficients are quantized as  bits for a layer. Therefore, the total payload of the traditional WB amplitude feedback is  bits for a layer regardless of the number of non-zero WB amplitude N.
The payloads of the proposed WB amplitude feedback are calculated and compared with the traditional scheme in Table 3 in terms of beam number L and the number of non-zero WB amplitudes N assuming rank 1 and 3-bit amplitude quantization. According to Table 3, the proposed WB amplitude feedback can achieve lower feedback payload than the traditional feedback scheme.
Table 3: Payload comparison of WB amplitude feedback assuming rank 1 transmission
	N
	L = 4
	L = 3
	L = 2

	
	Traditional
	Overhead reduction
	Traditional
	Overhead reduction
	Traditional
	Overhead reduction

	1
	24
	3
	18
	3
	11
	2

	2
	
	9
	
	8
	
	7

	3
	
	14
	
	13
	
	10

	4
	
	18
	
	15
	
	11

	5
	
	21
	
	18
	

	6
	
	23
	
	18
	

	7
	
	24
	

	8
	
	24
	


Proposal 1: Considering additional feedback of the number of non-zero wideband amplitudes (N), adopt enhanced wideband amplitude feedback with 3 parameters per layer as follows to reduce its feedback overhead for the Type II codebook (both Type II single-panel codebook and Type II codebook for beamformed CSI-RS):
· 1st parameter: Joint encoding of the indices of the N non-zero coefficients
· 2nd parameter: The strongest index out of N non-zero coefficients
· 3rd parameter: (N-1) non-zero coefficients
2.4 Omission rules for Part 2 CSI
In [1], it was agreed that part 2 of the Type II CSI can be partially transmitted when the PUSCH resource allocation is not large enough to contain the entire part 2.  The UE would omit the parameters corresponding to at least one subband.  At least two points were left to be determined.  The first open point is whether all of part 2 can be omitted as a special case.  The use case for this proposal is unclear.  Feedback of part 1 only is already allowed on PUCCH and may be used, for example, as an indication for the gNB to size the resource allocation for feedback of both Type II parts on PUSCH, where the use of PUCCH for part 1 allows the possibility of lower latency between PUCCH and PUSCH reports.  Regarding the use for hybrid or semi-open-loop feedback, we are not convinced of the advantages of using a Type II, part 1 report for this purpose over a RI and CQI report.  In fact, to make the Type II CSI useful, we support requiring the gNB to provide a resource allocation large enough to report a complete PMI for at least one subband, though that allocation could assume a RI of 1.  Beyond this requirement, the details of the gNB resource allocation strategy for Type II feedback is an implementation issue.  Based on this reasoning, we propose:
Proposal 2:  NR does not support omitting all of part 2 of the Type II CSI feedback on PUSCH.  The gNB shall provide a PUSCH resource allocation large enough to contain a complete Type II PMI for at least one subband.
The second open point is to specify the omission rules for part 2 feedback when the resource allocation is too small to hold all of the feedback.  For example, this may occur when the gNB predicts a RI of 1 when setting the allocation size, but the UE prefers a RI equal to 2.  In a situation such as this there are three possible options to reduce the feedback payload:
1. Artificially reduce the RI.
2. Report part 2 for a subset of the requested subbands.
3. Artificially reduce the number of non-zero wideband amplitudes.
Option 1 reduces the overall size of subband feedback in part 2 proportionally, but also changes the accuracy of the feedback by reporting a sub-optimum RI.  This option could be left as a UE implementation, since knowledge of the change is not required at the gNB to schedule a transmission.  However, there may be some value in setting the priority for this option via specification to provide a level of known CSI accuracy control.  Option 2 also proportionally reduces the overall size of subband feedback in part 2, while retaining the accuracy of the CSI in each reported subband.  This option requires specification support so that the UE and gNB both understand which subbands have been omitted.  One disadvantage of Option 2 is that the CSI feedback received by the gNB from multiple UE’s may prevent it from finding the optimum MU-MIMO pairing.  Option 3 also reduces the part 2 subband feedback, but intentionally reduces the accuracy of the CSI.  This option could also be left to the UE implementation, since the UE has access to the unquantized subband CSI.  Again, there may be some value in setting the priority for use of Option 3 to provide a level of known CSI accuracy control. 
Since the purpose of Type II CSI feedback is to provide high resolution channel feedback, Option 2 has the highest priority since it retains the accuracy of the CSI feedback in the reported subbands.  The two rules proposed in [1] support this approach.  Option 1 can be retained as lower priority method to reduce the size of the overhead.  With this approach, if Proposal 1 above is agreed, then Option 3 should be unnecessary since at least one subband of CSI feedback should fit within the given resource allocation.  We now further examine the details for Option 2.
The agreement in [1] lists rules based on either a decimation ratio or based on the reported subband CQI’s in part 1.  A possible decimation-based rule would be to determine the number of complete subbands of CSI which may fit in the resource allocation, divide the subbands into nearly equal groups, and feed back the near-center subband from groups as representative of that group of subbands.  This approach provides the gNB the maximum spread of CSI information.  A possible rule based on CQI would be similar, but would feed back complete CSI for the subbands with the largest CQI’s, with a rule to resolve ties.  The tie-resolution would be constructed such that no additional feedback (of subband indices, for example) is required.  Since the feedback being provided is high-resolution Type II feedback, we prefer to feed back the subbands with the best CQI’s, providing the gNB with the most accurate CSI on a subset of the requested subbands.  Utilization of this CSI is likely to produce the best overall system and UE performance.
Proposal 3:  When the PUSCH resource allocation is too small to include all of the part 2 subband CSI feedback, the UE shall transmit as many complete subbands of CSI as will fit in the given allocation.  Subbands with the highest reported CQI’s are highest priority.  Ties (in CQI) which affect which subbands are reported are resolved by a simple rule, such as alternating between the subbands with the lowest and highest subband indices.
3	Aperiodic CSI on the Long PUCCH 
In [1], it was agreed to support aperiodic CSI on the Short PUCCH using higher-layer PUCCH resource configuration and DCI-based triggering.  Currently it is not agreed that the Long PUCCH can carry an aperiodic CSI report.  In this section, we discuss the issue of enabling the Long PUCCH to carry aperiodic CSI reports.  
There are several main points to consider for the issue of whether the Long PUCCH should be allowed to carry aperiodic CSI reports.  First, one reason for allowing the Short PUCCH to carry aperiodic CSI is to provide scalable and flexible support for large UE populations.  This reason applies to both the Short PUCCH and the Long PUCCH.
Observation 4: The reasons for enabling the Short PUCCH to carry aperiodic CSI apply equally well to the Long PUCCH.  
Second, one of the intended purposes of the Long PUCCH is to carry a small payload (e.g., Type I wideband CSI) with improved coverage performance.  In other words, a CSI payload that would otherwise fit in the Short PUCCH could instead be transmitted in the Long PUCCH with much better coverage reliability.  If the Long PUCCH cannot carry aperiodic CSI, then the coverage benefits of the Long PUCCH cannot be realized with an aperiodic CSI report because the Long PUCCH currently can only be semi-persistent or periodic.  An aperiodic Type I wideband CSI report can be carried on the short PUCCH, but if we wanted to send that exact same report with improved coverage via the Long PUCCH, we would not be allowed to do so: the current agreements will force that CSI report to become semi-persistent or periodic rather than aperiodic.  According to the current agreements, we can only obtain the long PUCCH coverage benefit with semi-persistent or periodic reporting, which seems like a completely unnecessary restriction.
Observation 5: Under the current agreements, the coverage benefits of the Long PUCCH can only be achieved with periodic or semi-persistent reporting. 
Third, Type II CSI feedback was agreed to be supported on the Long PUCCH in addition to the PUSCH.  According to [1], the Long PUCCH would carry only Part 1 of the Type II CSI feedback, and the associated calculations would be independent of any CSI report that’s carried on the PUSCH.  With the Long PUCCH only allowed to carry semi-persistent or periodic feedback, it follows that the current agreements do not allow the Long PUCCH to carry aperiodic Type II CSI reports.  In slide 5 of [5], it was agreed that an aperiodic CSI reports support Type II CSI.  So in keeping with the notion that Type II CSI reports can be aperiodic, we need to allow a Type II CSI report (Type II Part 1 only) to be carried by the Long PUCCH in an aperiodic manner.  
Observation 6: Under current agreements, the Long PUCCH can carry Part 1 of a Type II CSI report, but only with a time-domain behavior that is semi-persistent or periodic. Aperiodic Type II CSI is currently not allowed on the Long PUCCH.  
Based on the above, we make the following proposal:
Proposal 4: Support aperiodic CSI on the Long PUCCH using higher-layer PUCCH resource configuration and DCI-based triggering.  
4	Conclusions
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]In this contribution, we have discussed CSI reporting issues of the Type II and Type I codebook, and the corresponding observations and proposals are summarized as follows:
Observation 1: Given the codebook configuration, Type II CSI feedback can be divided into fixed overhead (e.g.: Part 1 CSI) and variable overhead (e.g.: Part 2 CSI).
Observation 2: If subband feedback for beams with zero wideband amplitude is not transmitted, then subband feedback overhead in Part 2 CSI depends on feedback of the number of non-zero wideband amplitudes in addition to the rank indicator contained in Part 1 CSI.
Observation 3: When Type II CSI is configured on both long PUCCH and PUSCH, Part 1 CSI reporting on long PUCCH supplies useful information for the subsequent PUSCH resource allocation for the full feedback. But resource allocation and feedback payload size on PUSCH cannot be flexibly adapted to channel variation of UE during PUCCH reporting periodicity.
Observation 4: The reasons for enabling the Short PUCCH to carry aperiodic CSI apply equally well to the Long PUCCH.  
Observation 5: Under the current agreements, the coverage benefits of the Long PUCCH can only be achieved with periodic or semi-persistent reporting. 
Observation 6: Under current agreements, the Long PUCCH can carry Part 1 of a Type II CSI report, but only with a time-domain behavior that is semi-persistent or periodic. Aperiodic Type II CSI is currently not allowed on the Long PUCCH.  
Proposal 1: Considering additional feedback of the number of non-zero wideband amplitudes (N), adopt enhanced wideband amplitude feedback with 3 parameters per layer as follows to reduce its feedback overhead for the Type II codebook (both Type II single-panel codebook and Type II codebook for beamformed CSI-RS):
· 1st parameter: Joint encoding of the indices of the N non-zero coefficients
· 2nd parameter: The strongest index out of N non-zero coefficients
· 3rd parameter: (N-1) non-zero coefficients
Proposal 2:  NR does not support omitting all of part 2 of the Type II CSI feedback on PUSCH.  The gNB shall provide a PUSCH resource allocation large enough to contain a complete Type II PMI for at least one subband.
Proposal 3:  When the PUSCH resource allocation is too small to include all of the part 2 subband CSI feedback, the UE shall transmit as many complete subbands of CSI as will fit in the given allocation.  Subbands with the highest reported CQI’s are highest priority.  Ties (in CQI) which affect which subbands are reported are resolved by a simple rule, such as alternating between the subbands with the lowest and highest subband indices.
Proposal 4: Support aperiodic CSI on the Long PUCCH using higher-layer PUCCH resource configuration and DCI-based triggering.
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