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Introduction
Enhancements for contents of CSI reports were extensively discussed in RAN1#104-e. Due to the large number of proposed new metrics/quantities, focus was on the categorization and attributes of each corresponding proposal. In Samsung’s opinion, a qualitative down-scoping of the proposals would be desirable, followed by a clear description for the UE/gNB operations for the remaining proposals, when necessary, in order to evaluate potential benefits. 

This contribution considers a qualitative analysis of proposals and includes simulation results for fully defined ones. 


New reporting metrics
New reporting metrics have been classified to be either in “Case 1” with a presumed intend to address interference variations and are based on measurements, or in “Case 2” with a presumed intend to enable open loop link adaptation (OLLA) and are based on decoding metrics/statistics. 

Case 1-1: Statistical CSI/SINR
Reporting SINR statistics (e.g. mean, variance) has been considered since LTE. A main reason why it has not been used is that 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 factors such as the PDSCH transmission mode, the correlation among UE receiver antennas, on the channel the UE experiences, etc. Therefore, CQI was introduced for the UE to do the mapping of SINR to BLER and capture the various factors affecting PDSCH reception reliability while providing a simple metric to the gNB. As the gNB does not know the conditions at the UE receiver or specifics of the UE modem implementation, the gNB cannot map an SINR to an MCS or to a TBS for a TB transmission to the UE. 

The gNB can derive statistics for an effective SINR at the UE based on CQI reports from the UE although it is unclear why CQI statistics and not an instantaneous CQI is more appropriate for URLLC as, if a backoff is required, it can be determined by other means such as from RSRP/RSSI reports, OLLA, or even the UE location. Due to the joint reporting of CQI with RI and PMI in NR, an argument has been the additional overhead and the UE computational complexity from frequent CQI reporting as RI and PMI do not need to be updated as frequently. While there can be overhead savings, UE computational complexity is not affected and there are other side effects - this also relates to “Case 1-11: Partial information update”, it does not relate to reporting SINR statistics, and it is later discussed. 

Observation 1: It is not generally possible for a gNB to determine BLER for a TB from a SINR report from a UE.  

Observation 2: A gNB could obtain statistics for an effective SINR at a UE based on CQI reports from the UE. A possible scheduling back-off can also be derived by other UE reports.  


Case 1-2: CSI prediction
For the NR TDD bands, channel prediction can be done at the gNB based on SRS. If the interference can be assumed to have a certain known distribution, interference prediction can also be done at the gNB based on CQI statistics and on channel response samples obtained from the SRS. In general, and particularly for URLLC, scheduling should not rely on interference prediction as, in typical deployments, interference coherence time is very small and depends on scheduling decisions on neighboring cells that do not follow any particular distribution. CSI prediction is also not testable without specifying a corresponding algorithm. 

Observation 3: Channel prediction is possible at the gNB based on SRS. Interference prediction is not meaningful.  


Case 1-3: Interference statistics
Presumably, interference statistics can be used for scheduling back-off, particularly for cell edge UEs. If the interference is relatively stable or follows a known distribution for which the statistics (e.g. mean, variance) are to be reported by the UE, similar information can be obtained by the gNB based on SRS and CQI reports. However, such assumptions cannot be generally made, particularly for URLLC transmissions that need to be robust to interference variations. Also, long term interference statistics can be obtained from RSRP and RSSI reports. 

Observation 4: RSRP and RSSI can be used to determine signal quality and interference conditions – reliance on short term interference reports is not meaningful in general and especially for URLLC.  


Case 1-4: Interference covariance matrix
The intention is to enable MU-MIMO for URLLC. However, MU-MIMO can be beneficial for relatively large TBS and requires delay tolerant and non-bursty traffic for UEs to be paired. Such conditions are not applicable for URLLC. Further, MU-MIMO requires relatively large target BLER and retransmissions are far more likely than is tolerable for URLLC.   

Observation 5: There is no need to report interference covariance matrix for scheduling URLLC using MU-MIMO.  


Case 1-5: CSI based on worst IMR occasion
The intention is for a UE to report CQI based on the worst IMR (worst interference) occasion so that the gNB can apply a scheduling back-off. However, that should be a gNB implementation issue rather than the only option for the gNB (unless the CQI based on the worst IMR is additional information). Further, although any additional information can be arguably helpful for scheduling, this is a general scheduling back-off issue and can be obtained from CQI statistics, OLLA, and RSRP/RSSI reports. There is no specific reason for a gNB to use a particular CQI based on the worst IMR even if that is the most recent CQI report as future short-term interference cannot be assumed to have large correlation with past short-term interference (a future URLLC PDSCH will not experience the inter-cell interference at the time of the worst IMR due to scheduling same UEs, at same time-frequency resources, with same link adaptation parameters).

Observation 6: A gNB can obtain long-term interference statistics for a UE - a worst short-term interference in the past cannot be assumed to have large correlation with short-term interference in the future.


Case 1-6: Worst-M CQI - Case 1-7: Worst-best criteria for sub-band CQI report
The intention is for a UE to report CQI for the M sub-bands with lowest CQI values. Rel-16 enables the UE to report CQI for N sub-bands based on the gNB configuration. In that sense, the 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. 

Observation 7: 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.


Case 1-8: 3-bits differential sub-band CQI or 4-bit full sub-band CQI
The proposals are clearly defined, it has been simulated and the results are presented in Table 1. The 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, the gain is marginal. Support of 4-bit full sub-band CQI would result to larger CQI payload in general and to a likely larger CQI BLER for UEs at the 5% geometry CDF. 

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%




Observation 8: A 3-bit differential sub-band CQI does not provide meaningful throughput gain to offset the additional CQI overhead and the specification requirements. A 4-bit full sub-band CQI provides a 15.6% gain for UEs at the 5% geometry CDF which is material - further study is needed on the impact of the larger CQI payload for low geometry UEs.


Case 1-9: Reference wideband CQI excludes worst sub-bands
The proposal is interpreted that a UE computes wideband CQI by excluding M sub-bands with lowest CQI (when the UE is configured to report sub-band CQI). This will then lead to a larger value for the wideband CQI and to a smaller difference from the CQI of remaining sub-bands, thereby offering better accuracy for the CQI of remaining sub-bands and improves MCS selection for scheduling PDSCH over the remaining sub-bands. The issue is similar to Case 1-8 where, instead of increasing the differential sub-band CQI to 3 bits, that benefit is somewhat recovered without the 1-bit additional overhead per sub-band by reducing the difference of CQI values between the wideband CQI and the CQI for each of the remaining sub-bands (after excluding the M sub-bands with lowest CQI). Effectively, the BWP size is reduced for the purposes of CQI reporting and PDSCH scheduling. If the BWP is relatively large, that can be OK even when multiple UEs happen to be scheduled with URLLC PDSCH in same symbols of a slot. The gNB can select the value of M based on a number of sub-bands required to schedule TBs for a UE. Overall, it is a simple scheme although the benefits are towards improving system throughput (not an important issue for URLLC), rather than robustness (the gNB can select a more conservative CQI without the proposal), and therefore seems more appropriate for eMBB. The gains are expected to be similar or smaller than using a 3-bit differential sub-band CQI and would therefore be marginal.  

Observation 9: Excluding the M worst sub-bands from the calculation of wideband CQI is simple but it is not expected to make any material difference in UE throughout and has practically no impact in improving PDSCH reception reliability.


Case 1-10: CSI expiration time
The proposal is for a UE to estimate and report a CSI expiration time because a gNB cannot derive it. Setting aside aspects such as testability and new RAN4 performance requirements if testability is possible, existing gNB implementations do derive the channel for a UE using SRS in TDD (e.g. for MU-MIMO in the DL) although the phase may not be same for each instance of an SRS reception. In FDD, the gNB can determine the channel variations from successive CSI reports, either periodic or aperiodic. Further, a baseline approach for a gNB to estimate Doppler shift is using the DM-RS of PUSCH or of PUCCH (without frequency hopping) - more advanced algorithms also exist. A gNB may also use a Doppler shift estimate for frequency offset correction. 

Observation 10: A gNB is currently capable of estimating both channel variation and Doppler shift for a UE.


Case 1-11: Partial information update 
The proposal is to decouple CQI reporting from RI/PMI reporting as it is done in LTE. This can enable more frequent CQI reporting as RI/PMI change more slowly than CQI. The main advantage of the proposal is overhead reduction. It is noted that UE processing requirements need to be defined (and have been defined) for a full CSI report. A disadvantage of the proposal is that, as in LTE, RI will not be protected by CRC, or it will not be as efficiently encoded, and a RI error can lead to error propagation for the CQI reports. That is problematic in LTE, it will be more problematic for URLLC, and it was a main objective of the NR Rel-15 CSI reporting to fix. Another issue is whether the proposal is suitable for URLLC. For the TDD bands in NR, a gNB can obtain PMI from SRS receptions. Also, URLLC TBs do not have large size or the relaxed BLER target of eMBB TBs in order to benefit from spatial multiplexing (and URLLC traffic is not “full buffer” to require peak data rates as for eMBB). Then, the importance of rank reporting for multi-rank PDSCH in URLLC is not significant and few UEs would require it so that any overhead reduction becomes minimal on average.  

Observation 11: Separating CQI reporting from RI/PMI reporting can reduce an average payload of a CSI report but is susceptible to error propagation. For the NR TDD bands, SRS receptions also provide PMI. Also, few URLLC UEs will require rank reporting for multi-rank PDSCH and, from a system perspective, overhead savings would be minimal. 

 
New reporting quantities for TB decoding
A common attribute of proposals for new reporting quantities for TB decoding is the reliance on many TB receptions in order to perform a type of OLLA. A first observation is that although that may hold for typical eMBB applications, it is not so for most Rel-17 IIoT applications that have sporadic traffic and small data packets. 

Case 2-1: Decoding margin
The proposal is for a UE to indicate whether a TB was correctly decoded with “high margin” or with “low margin” (and possibly extend the same to an incorrectly decoded TB). Setting aside the new UE implementation requirements and testability issues as the LDPC decoder performance is vendor specific, and the new RAN4 performance requirements, the feasibility and objectives of the proposal are unclear.

A determination for a “high”/“low” margin for a decoding of a single TB is susceptible to short-term fading and interference that the gNB is unaware of. Therefore, the gNB cannot use an instantaneous decoding margin for scheduling a next TB. To circumvent the impact of short-term variations and mitigate an increase in reporting overhead, a proposed alternative is for a UE to report a “high”/“low” decoding margin over multiple TB receptions. However, there are several problems with a filtered decoding margin. First, the decoding margin depends on multiple factors such as the TB size, the MCS, the DM-RS and channel estimation method, whether spatial multiplexing is used or not, and so on. Second, a decoding margin for an initial transmission cannot be filtered together, in general, with a decoding margin for a TB retransmission. Third, as the BLER curve is steep, such as requiring only ~4 dB between BLERs of 10-2 and 10-5 (or even smaller for an AWGN or a Ricean fading channel), the impact of quantization and measurement errors is expected to be large and also depend on the channel. Several of the above issues can be avoided if the gNB, instead of the UE, performs the filtering. However, in such case, filtered inputs are subject to quantization errors and the reporting overhead is at least doubled over Rel-16. The gNB implementation will also be unreasonably complex as it would need to keep track of MCS, TBS, spatial multiplexing, DM-RS configuration, use of frequency hopping, initial TB transmission or retransmission, and so on, would also need to know the channel and its short-term variations for each UE, and have a precomputed mapping of decoding margins for various channels and for combinations of the above TB transmission parameters. 

Observation 12: Reporting of a decoding margin requires new UE implementation, is not testable as the LDPC decoder is vendor specific, requires at least twice the overhead over Rel-16, and has feasibility issues and/or requires an unreasonably complex gNB implementation in order to be possibly utilized. 

 
Case 2-2: Block error probability
The proposal is for a UE to report an estimated block error probability (BLEP), or a delta from a reference BLEP. The concept is similar to reporting of the decoding margin for Case 2-1, it inherits all issues of Case 2-1, requires larger UE complexity to compute (if possible), and also requires larger reporting overhead than a binary “high”/“low” margin. 

Observation 13: Reporting of block error probability has same attributes as reporting of decoding margin while requiring larger UE complexity (if at all feasible in practice) and larger reporting overhead. 


Case 2-3: (Delta) CQI/MCS/SINR
The proposal is for a UE to indicate a difference between an actual MCS of a TB and a required MCS for the TB to achieve a BLER target. The key issue is how the UE can derive that difference. Unlike conventional CQI reporting that is based on CSI-RS that the UE uses to determine an SINR and map it to a CQI (wideband CQI or sub-band CQI), a “delta MCS” will need to be based on the DM-RS of the PDSCH. If the “delta MCS” is reported together with the CQI, there is no additional information over the CQI report. If the “delta MCS” is reported separately from the CQI, then it represents only a faster sub-band CQI that may be useful only if the gNB reschedules the UE over the same RBs. A DM-RS based CQI report would also require new RAN4 performance requirements and has been excluded from the WID. 

Another proposal is for a UE to report a “delta MCS” instead of reporting a decoding margin. In such case, “delta MCS” inherits all issues related to computing a block error probability (as a mapping of LLRs to BLER is needed) and likely requires similar overhead.  

[bookmark: _Hlk67433284]Observation 14: Reporting of a “delta MCS” based on decoding statistics has same attributes as reporting of decoding margin while requiring larger UE complexity (if at all feasible in practice) and larger reporting overhead. 


Case 2-4: HARQ redundancy version sequence
The proposal is for a UE to indicate a preferred HARQ redundancy version (RV) sequence. There is no material benefit expected from such scheme due to the low BLER for URLLC and also due to the small TB sizes for which gains of incremental redundancy over chase combining are minimal, particularly for the low code rates of URLLC. There are also feasibility and testing issues. 

Observation 15: Reporting a preferred RV sequence is not meaningful for URLLC.
 

Case 2-5: Reason for NACK
The proposal is for a UE to indicate whether a NACK is due to radio propagation or a spike in interference. The suggested benefit is that a gNB scheduler can then know “whether to switch beam, or change other transmission parameters, or decide on SNR step size used in an OLLA”. There are several issues with the proposal. A first one is how the UE can determine a reason for an individual NACK and what would be RAN4 performance requirements. A second one is the number of reasons that can result to NACK, ranging from ‘usual’ random noise variations, to interference spikes, to short term fading, to gNB errors in link adaptation/MCS selection, to short-term antenna blocking, and so on. A third one is the reporting overhead and the reporting mechanism. Even if the UE is somehow equipped to determine instantaneous reasons for NACK errors with high accuracy, additional bits possibly a varying number (depending on the HARQ-ACK payload and relying on some statistical expectation for a NACK and particular reason for it) will need to be added to each HARQ-ACK information report. Further, under the typical assumption of low BLER for URLLC, the UE will rarely report a NACK and even more rarely report a particular reason for that NACK. It is unclear what difference on the gNB scheduler operation or on the URLLC operation such an event can make.

Observation 16: Reporting a reason for a NACK would require substantial RAN1 and RAN4 work, feasibility and testability are questionable, and no actual benefit is expected for URLLC applications.


Case 2-6: Number of NACK values
The proposal is for a UE to indicate a number of NACK values. The suggested benefit is that the gNB would be able to perform conventional OLLA because, unless the UE reports a single HARQ-ACK information bit, NACK and DTX are not differentiated. This will often be the case for the NR TDD bands even without CA. For eMBB, that differentiation is not critical as a target BLER for PDCCH is about an order of magnitude smaller than a target BLER for PDSCH and, for large BLERs, a corresponding SINR difference is also large (>4-5 dB, particularly for large MCS) and the gNB can assume DTX/NACK to be NACK. For URLLC, even if a target BLER for PDCCH is assumed to be about an order of magnitude smaller than a target BLER for PDSCH (not a generally valid assumption), that matters much less than for eMBB as the BLER curves are steeper at low BLERs, large MCS are not typical, and a corresponding SINR difference, if any, is 1-2 dB.   

Differentiating NACK from DTX allows for OLLA to apply for both PDCCH and PDSCH and can address any level of correlation between PDCCH errors and PDSCH errors. As the number of DTX/NACK is expected to be small, including 1 or 2 bits in the HARQ-ACK payload to indicate a number of NACK (or a number of DTX) is sufficient. It is noted that, although infrequent, such reporting would still be more frequent than for other new reporting metrics considering the steepness of BLER curves at low BLERs and the quantization margins (e.g. for reporting a decoding margin or a ‘delta_MCS’) or the additional requirement for a particular reason for a NACK. There are no additional requirements on UE implementation/complexity, no feasibility/testability issues, no new RAN4 performance requirements, the specification impact is trivial, and the additional UCI overhead is minimal.  

Observation 17: Reporting a number of NACK values in a HARQ-ACK codebook is trivial to support and enables identification/separation of incorrect decoding events for PDCCH or PDSCH and improved MCS selection.

Proposal 1: Support configuration for 1-2 bits in a Type-2 HARQ-ACK codebook to indicate a number of NACK values.


Enabling use of intended MCS Tables 
A separate problem related to MCS selection for URLLC is that only a single MCS table is supported for a DCI format that can schedule eMBB or URLLC (i.e. 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. For HARQ-ACK reporting, that problem is avoided by mapping the priority indicator value to one of two PUCCH-Config. The same mapping should also apply for two MCS tables.

Proposal 2: 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: Support configuration for 1-2 bits in a Type-2 HARQ-ACK codebook to indicate a number of NACK values.

Proposal 2: 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: It is not generally possible for a gNB to determine BLER for a TB from a SINR report from a UE.  

Observation 2: A gNB could obtain statistics for an effective SINR at a UE based on CQI reports from the UE. A possible scheduling back-off can also be derived by other UE reports.  

Observation 3: Channel prediction is possible at the gNB based on SRS. Interference prediction is not meaningful.  

Observation 4: RSRP and RSSI can be used to determine signal quality and interference conditions – reliance on short term interference reports is not meaningful in general and especially for URLLC.  

Observation 5: There is no need to report interference covariance matrix for scheduling URLLC using MU-MIMO.  

Observation 6: A gNB can obtain long-term interference statistics for a UE - a worst short-term interference in the past cannot be assumed to have large correlation with short-term interference in the future.

Observation 7: 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 8: A 3-bit differential sub-band CQI does not provide meaningful throughput gain to offset the additional CQI overhead and the specification requirements. A 4-bit full sub-band CQI provides a 15.6% gain for UEs at the 5% geometry CDF which is material - further study is needed on the impact of the larger CQI payload for low geometry UEs.

Observation 9: Excluding the M worst sub-bands from the calculation of wideband CQI is simple but it is not expected to make any material difference in UE throughout and has practically no impact in improving PDSCH reception reliability.

Observation 10: A gNB is currently capable of estimating both channel variation and Doppler shift for a UE.

Observation 11: Separating CQI reporting from RI/PMI reporting can reduce an average payload of a CSI report but is susceptible to error propagation. For the NR TDD bands, SRS receptions also provide PMI. Also, few URLLC UEs will require rank reporting for multi-rank PDSCH and, from a system perspective, overhead savings would be minimal. 

Observation 12: Reporting of a decoding margin requires new UE implementation, is not testable as the LDPC decoder is vendor specific, requires at least twice the overhead over Rel-16, and has feasibility issues and/or requires an unreasonably complex gNB implementation in order to be possibly utilized. 

Observation 13: Reporting of block error probability has same attributes as reporting of decoding margin while requiring larger UE complexity (if at all feasible in practice) and larger reporting overhead. 

Observation 14: Reporting of a “delta MCS” based on decoding statistics has same attributes as reporting of decoding margin while requiring larger UE complexity (if at all feasible in practice) and larger reporting overhead. 

Observation 15: Reporting a preferred RV sequence is not meaningful for URLLC.

Observation 16: Reporting a reason for a NACK would require substantial RAN1 and RAN4 work, feasibility and testability are questionable, and no actual benefit is expected for URLLC applications.

Observation 17: Reporting a number of NACK values in a HARQ-ACK codebook is trivial to support and enables identification/separation of incorrect decoding events for PDCCH or PDSCH and improved MCS selection.
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