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Introduction
This contribution considers aspects on CSI reporting enhancements for Rel-17 URLLC. 


CSI reporting enhancements
The following were agreed in RAN1#104bis-e. 

Agreement: Focus study on the following for new reporting Case 1:
· Reporting of new metric, where new metric shall be determined based on network configured channel and interference measurement interval (multiple CMR and/or IMR instances) to enable accurate MCS selection. 
· Down-select by RAN1#105 to at most a single method from the following options:
· Mean-CQI/SINR and stdev-CQI/SINR (FFS details)
· CSI based on worst IMR occasion (FFS details)
· Interference standard deviation (FFS details)
· Worst-M CQI (FFS details)
· FFS: Whether network configured channel and interference measurement interval can also be applied to existing CSI type
· Increasing granularity of sub-band CQI (e.g. 3-bits differential sub-band CQI or 4-bits full sub-band CQI).
· Updating only CQI in a report, where CQI is conditioned on a previous instance in which RI/PMI/(CRI) is updated.
· Applicable for same reporting quantity as R16 for CQI. 
· FFS: Whether network configured channel and interference measurement interval can also be applied
· FFS: Whether RI/PMI/(CRI) is transmitted in a report where only CQI is updated
· FFS: whether the CQI processing time can be is reduced compared to Rel-16 CSI processing delay


Reporting new metrics
Mean-CQI/SINR and stdev-CQI/SINR
The method is two different methods bundled together. One is for CQI, the other is for SINR. It has been repeatedly discussed in Rel-17 URLLC, and even since LTE, that reporting SINR statistics is not meaningful because a mapping between SINR and CQI depends on the UE modem implementation which is proprietary information and is unknown to the gNB. The mapping also depends on many other factors such as the PDSCH transmission mode, the correlation among UE receiver antennas, the channel the UE experiences, etc. Therefore, there is no one-to-one mapping of SINR to CQI and depending on the various previous conditions and on the UE implementation, a same SINR value can correspond to different CQI values (or, equivalently, to different MCS values for achieving a target TB BLER). Simply put, it is not possible for the gNB to accurately map SINR statistics to an MCS or a TBS.

Observation 1: SINR statistics are not meaningful for MCS selection.  

CQI statistics can obviously be obtained by the gNB based on CQI reports. The argument for providing the CQI statistics by the UE is that the rate of CQI reports can decrease. However, the rate of CSI-RS transmissions cannot decrease. Also, the CQI overhead will need to increase in order to provide the CQI statistics. Moreover, it is not clear whether the CQI statistics are only for wideband CQI or also include sub-band CQI. In the former case, the utilization of the CQI statistics is unclear (e.g. UE is scheduled in a subset of sub-bands). In the latter case, the overhead increase may offset any overhead reduction from slower CQI updates as differential values cannot be applicable and actual statistics per sub-band need to be reported. Therefore, from a resource/reliability perspective, providing more frequent CQI reports (if any need) is not materially different that reporting CSI statistics, particularly under the decoupling from the PMI/RI reports that is also currently under consideration, and the former does not require any new UE implementation or specifications. 

Observation 2: CQI statistics do not enable improved MCS selection but aim to reduce CQI reporting overhead (if there is any need for fast CQI statistics) – an overhead reduction, if any, is not material due to reporting of additional information.  

From a different viewpoint, as the channel can be sampled at regular time intervals with minimal variations and minimal CQI reporting overhead, particularly for low UE speeds that practically cover all scenarios of interest, CQI statistics are basically interference statistics. For such statistics to have any meaning, the interference has to be assumed that it follows a distribution (is not random) and the gNB knows the distribution. Such an assumption is not reasonable, especially for the requirements of URLLC. The schedulers on different cells are independent, UEs being scheduled can vary per slot, link adaptation parameters can vary per slot, interference can be from a mixture of various UE-specific or UE-common signals, and so on, and interference is actually random even at the smallest time scales of a few symbols. Analysis on issues related to specifications aspects (e.g. required number of samples to obtain statistics, required accuracy for URLLC, quantization requirements, processing time, etc.) or to testing is skipped. 

Observation 3: CQI statistics are practically short-term interference statistics and are not meaningful in practice, particularly for URLLC.  


CSI based on worst IMR occasion
This method is somewhat related to reporting CQI statistics. It does not relate to “enabling more accurate MCS selection”. Presumably, the gNB can apply more conservative scheduling if the CSI report is based on the worst IMR occasion. However, the gNB can already do so (if it so chooses) and in a more accurate manner. Assuming that interference is not always strongly correlated in time between the measurement at the particular worst IMR occasion and the subsequent scheduling of a PDSCH (otherwise, there would be no such thing as “worst IMR occasion”), any scheduling backoff that the gNB can choose to apply (e.g. based on channel estimates from SRS receptions and interference estimates from CQI reports, or based on RSRP/RSSI reports, etc.) can be expected to be more meaningful and more reliable than a scheduling backoff based on a one-time CSI measurement at a worst IMR occasion. 
  
Observation 4: A gNB can already obtain long-term interference statistics for a UE - a CSI report based on a worst IMR occasion is neither meaningful nor beneficial.


Interference standard deviation
This method is also related to reporting CQI statistics. It also needs to assume that the interference for a UE follows some distribution, that the gNB is somehow aware of that distribution (and for each UE), and that scheduler decisions and signal transmissions in all neighboring cells have a strong correlation in time, particularly for URLLC. None of the previous assumptions is generally valid. Also, the gNB can already obtain more robust, long-term, knowledge of the interference from RSRP and RSSI reports. Specification and testability aspects are worse than for reporting CQI statistics.

Observation 5: RSRP and RSSI can be used to determine signal quality and interference conditions – reliance on short term interference statistics is not meaningful in general and especially for URLLC.  


Worst-M CQI 
A UE can report CQI for N sub-bands (based on the gNB configuration). Therefore, a UE already reports worst-M CQI values (together with N-M best CQI values) for sub-bands where the gNB intends to schedule the UE. The method does not relate to improving MCS selection; at best, it relates to minor UL overhead reduction (if any) for differential CQI.  

Observation 6: A CQI report over N sub-bands provides M worst sub-band CQI values and N-M best sub-band CQI values. There is no additional information provided by separately indicating the M worst sub-band CQI values.

Proposal 1: RAN1 does not continue with consideration of any new CSI reporting/metric.


Increasing granularity of sub-band CQI
Throughput results for 3-bit and 4-bit sub-band CQI are presented in Table 1. Simulation assumptions are provided in the Appendix. It is observed that, with the exception of the 5% throughput for the 4-bit full sub-band CQI, a gain is marginal while a larger CQI report overhead is needed. However, such trade-offs can be left for the gNB to decide (e.g. the gNB can configure a 4-bit full sub-band CQI only for UEs reporting small wideband CQI). 

Table 1: Throughput difference between 2-bit differential sub-band CQI and (a) 3-bit differential sub-band CQI or (b) 4-bit full sub-band CQI
	
	Avg. UPT
	50% UPT
	5% UPT
	RU
	Avg. UPT gain
	50% UPT gain
	5% UPT gain

	2-bit diff SB
	9.17
	6.43
	1.65
	73.0%
	100.0%
	100.0%
	100.0%

	3-bit diff SB
	9.19
	6.56
	1.66
	72.9%
	100.2%
	101.9%
	101.0%

	4-bit SB
	9.22
	6.48
	1.90
	72.9%
	100.5%
	100.7%
	115.6%




Proposal 2: A gNB can configure a UE to report full sub-band CQI (4 bits).


Updating only CQI
The proposal can facilitate more frequent CQI reporting because RI/PMI/CRI change more slowly than CQI. However, the proposal is not particularly useful for URLLC as PMI can be obtained from SRS and the PDSCH transmission rank is typically one (and then the gNB can anyway configure CQI-only reports via rank restriction). Further, the proposal will incur error propagation that occur when a UE separately provides CQI reports that are conditioned on a last PMI/RI report (same error events as in LTE that were intended to be avoided by the Rel-15 design for CSI reports). It is also noted that a UE is not currently mandated to update RI/PMI/CRI each time the UE provides a CQI/RI/PMI/CRI report – but the timeline to provide the report is determined based on also updating RI/PMI/CRI.

Observation 7: Considering an update of only CQI for CSI reports that can also include RI/PMI/CRI is typically not meaningful for URLLC.

Observation 8: CQI reports based on a last RI/PMI/CRI report are subject to error propagation.

However, subject to minimum specification and UE implementation updates, allowing for a CQI-only report (without having to include RI/PMI) can be considered. That would mean that the reportquantity parameter in a CSI-ReportConfig IE can provide a ‘CQI’ value in addition to the Rel-16 values. The rest of the CSI reporting procedures remain as in Rel-16. For the case that a UE is provided another a CSI-ReportConfig with reportquantity value set to ‘cri-RI-PMI-CQI’ and the UE would need to simultaneously provide both a CSI report with CQI/RI/PMI/CRI and a CSI report with only CQI, the UE provides the CSI report with CQI/RI/PMI/CRI (that behavior is essentially same as in LTE). Using Table 5.4-1 from TS 38.214 v.16.5.0 as reference for the case that only wideband CSI without CRI is provided and 0 CPUs are occupied can be used as reference, according to our estimates, the reduction in the CSI processing is limited to 1/2/4/8 symbols for 15/30/60/120 kHz or about 10%-20% of the current values (with the smaller percentages being applicable for smaller SCS). Therefore, updating only CQI can be useful mostly for PUCCH overhead reduction while CSI processing time reductions are limited.

Observation 9: A CQI-only report can be enabled by introducing a reportquantity value of ‘CQI’. 

Observation 10: If a first CSI report from a UE that includes only CQI would overlap with a second CSI report from the UE that includes CQI and other quantities, the UE can transmit only the second CSI report.  

Observation 11: A CQI-only CSI report can reduce CSI processing time but the reduction is limited to 10%-20% of the Rel-16 processing time for the conditions in Table 5.2-1 of TS 38.214 v16.5.0.


Reporting delta-CQI/MCS
The following were agreed in RAN1#104bis-e. 

Agreements:
For new reporting Case 2, focus study on reporting of delta-CQI/MCS (Case 2-3):
· Note: this delta-CQI/MCS is determined based on UE implementation (for example, using SINR, LLR, raw BER, flipped bits, LDPC iterations, BLEP, # fail parity checks, etc.)
· Companies are encouraged to provide more details in their analysis
· FFS: Granularity of new report type (e.g. units of CQI or MCS, how many bits)
· FFS: Whether quantity reported is relative to the scheduled MCS

The determination of the delta-CQI/MCS would be a UE proprietary implementation aspect and there is no need for RAN1 to discuss. Testing needs only consider a BLER for an MCS used for a TB reception and a BLER that would result by applying the delta-CQI/MCS. 

A UE could report either a differential CQI (delta-CQI) value (corresponding to the CQI value of the MCS for a received TB) or a differential MCS (delta-MCS) value for the MCS of the received TB. The latter option is preferable because CQI values map to every other MCS value and some additional (although possibly minor) handling would be needed if the UE reports a differential CQI value. The UE can determine a delta-MCS value, , that after addition to the MCS index for the received TB, , a resulting MCS value  would be the largest one for which the UE would receive the TB with a BLER that is smaller than or equal to a target BLER such as the BLER associated with the corresponding MCS table.  

The number of bits for  can range from a minimum of 1 bit to a maximum of 5 bits (full MCS, instead of differential MCS). A proper selection would depend on the granularity for a shift of  indexes of the MCS table for the  values and a link adaptation accuracy range that the gNB scheduler needs to cover. For example, if different values of  correspond to successive indexes of the MCS table () and the gNB scheduler intends to cover a range of 6 dB in link adaptation error (e.g.  dB, or for -2 dB to 4 dB, …), then 3 bits are needed for the  as successive MCS entries differ by about 0.94 dB. Similar, if different values of  corresponding to every other index of the MCS table () and the gNB scheduler intends to cover a range of 6 dB in link adaptation error, then 2 bits are needed for the . 
 
Values of  can be  if the UE reports ACK for the TB and  if the UE reports NACK/DTX. It is also possible that  if the UE reports ACK (received BLER is larger than target BLER) but it may not be necessary to optimize for that case, especially if . If the UE does not receive the TB due to PDCCH DTX, the UE can report . To avoid a hard-coded design and make this feature useful for a network under any possible scenario, it is preferable for the network to configure the number of bits that provide the  value and the granularity  of  values (rows in the corresponding MCS table). 

As  values correspond to TB receptions, they can be part of the HARQ-ACK codebook and can be appended to the HARQ-ACK information to avoid modification of the Rel-16 HARQ-ACK codebook construction.

Proposal 3: A UE provides a differential MCS () relative to an MCS index of a received TB () so that the TB BLER for MCS with index  is smaller than or equal to the BLER of the MCS Table for the TB.

Proposal 4: The number of bits and the granularity of the differential MCS () are provided by higher layers.

Proposal 5: The differential MCS () for TBs are appended to the HARQ-ACK codebook for the TB.


For a Type-1 HARQ-ACK codebook, it is beneficial to not provide a  value for each HARQ-ACK information bit because many of the HARQ-ACK information bits may not correspond to a TB reception and the size of the Type-1 HARQ-ACK codebook can be large in case of CA. Then, it is preferable to provide average  values per number of HARQ-ACK information bits or per number of slots. For a Type-2 HARQ-ACK codebook, a  value for each HARQ-ACK information bit. In general, it should be possible for a gNB to indicate a number of received TBs that the UE provides a  value.

When a UE provides a differential MCS value  for a TB, the UE may provide only ‘soft’ (instead of hard ACK/NACK) HARQ-ACK information for the TB. For example, for use of 2 bits to represent , a granularity for a shift of  indexes of the MCS table, and considering that an ACK is more likely than a NACK, a ‘00’, ‘01’, ‘10’ and ‘11’ values for the TB can correspond to , , , and . Negative values can correspond to NACK and positive values can correspond to ACK (although it is also possible for negative values to correspond to ACK). 

Proposal 6: Differential MCS values can be used to provide soft HARQ-ACK values for a TB instead of binary ACK/NACK values.


It is currently not possible for a UE to indicate delta-MCS values for both priority 0 and priority 1 as only a single MCS table is supported for a DCI format that can schedule traffic with either priority 0 or 1. If the MCS table is a high spectral efficiency one, URLLC is compromised; else, eMBB is compromised. The issue was identified during the Rel-16 UE features discussion but was not possible to fix due to ASN.1 freeze. Similar to mapping the priority indicator value to one of two PUCCH-Config for HARQ-ACK reporting, the priority indicator value should be mapped to two MCS tables.

Proposal 7: Support configuration of two MCS tables for PDSCH/PUSCH and indication of an MCS table by the priority indicator field in the DCI format.


Conclusions
This contribution considered CSI feedback enhancements for Rel-17 URLLC and proposes the following.

Proposal 1: RAN1 does not continue with consideration of any new CSI reporting/metric.

Proposal 2: A gNB can configure a UE to report full sub-band CQI (4 bits).

Proposal 3: A UE provides a differential MCS () relative to an MCS index of a received TB () so that the TB BLER for MCS with index  is smaller than or equal to the BLER of the MCS Table for the TB.

Proposal 4: The number of bits and the granularity of the differential MCS () are provided by higher layers.

Proposal 5: The differential MCS () for TBs are appended to the HARQ-ACK codebook for the TB.

Proposal 6: Differential MCS values can be used to provide soft HARQ-ACK values for a TB instead of binary ACK/NACK values.

Proposal 7: Support configuration of two MCS tables for PDSCH/PUSCH and indication of an MCS table by the priority indicator field in the DCI format.


In addition, the following are observed.

Observation 1: SINR statistics are not meaningful for MCS selection.  

Observation 2: CQI statistics do not enable improved MCS selection but aim to reduce CQI reporting overhead (if there is any need for fast CQI statistics) – an overhead reduction, if any, is not material due to reporting of additional information.  

Observation 3: CQI statistics are practically short-term interference statistics and are not meaningful in practice, particularly for URLLC.  

Observation 4: A gNB can already obtain long-term interference statistics for a UE - a CSI report based on a worst IMR occasion is neither meaningful nor beneficial.

Observation 5: RSRP and RSSI can be used to determine signal quality and interference conditions – reliance on short term interference statistics is not meaningful in general and especially for URLLC.  

Observation 6: A CQI report over N sub-bands provides M worst sub-band CQI values and N-M best sub-band CQI values. There is no additional information provided by separately indicating the M worst sub-band CQI values.

Observation 7: Considering an update of only CQI for CSI reports that can also include RI/PMI/CRI is typically not meaningful for URLLC.

Observation 8: CQI reports based on a last RI/PMI/CRI report are subject to error propagation.

Observation 9: A CQI-only report can be enabled by introducing a reportquantity value of ‘CQI’. 

Observation 10: If a first CSI report from a UE that includes only CQI would overlap with a second CSI report from the UE that includes CQI and other quantities, the UE can transmit only the second CSI report.  

Observation 11: A CQI-only CSI report can reduce CSI processing time but the reduction is limited to 10%-20% of the Rel-16 processing time for the conditions in Table 5.2-1 of TS 38.214 v16.5.0.
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