[bookmark: historyclause][bookmark: _Toc383764588][bookmark: _GoBack]3GPP TSG RAN WG1 Meeting #105-e		R1-2105733
e-Meeting, May 10th – 27th, 2021
Agenda Item: 8.3.1.2
Source: MediaTek Inc.
Title: CSI feedback enhancements for URLLC
Document for: Discussion and Decision
 Introduction
A work item on physical layer enhancements for NR URLLC has been approved in RAN#88e with the following objective [1]:
	1. Study, identify and specify if needed, required Physical Layer feedback enhancements for meeting URLLC requirements covering 
· UE feedback enhancements for HARQ-ACK [RAN1]
· CSI feedback enhancements to allow for more accurate MCS selection [RAN1]
Note: DMRS-based CSI feedback is not in scope of this WI 


In this contribution, we discuss the possible enhancements for CQI reporting. More specifically, we evaluate the existing mechanisms for differential subband CQI and provide the possible enhancements to enable better resource allocation and MSC selection at the gNB.
Aperiodic CSI on PUCCH
In this section, we discuss the need for A-CSI reporting in general for URLLC, then we discuss the advantages and disadvantages of the A-CSI on PUCCH considering the RAN1#102e agreed use-cases periodic and aperiodic data traffics.
Periodic data traffic (factory automation): given that the traffic model is periodic deterministic traffic, using P/SP-CSI reporting is more suitable and sufficient for initial transmission for the factory automation use-case. Besides, for the re-transmission scenarios, it should be noted that the smallest coherence time for this use-case is equal to ~2.25 ms (assuming UE speed 30 Km/h) and it is larger than the given latency requirement (1 ms). Therefore, there is no need to update the CSI reports for the re-transmission scenario. Thus, P/SP-CSI reporting is sufficient for the factory automation use-case.
Observation 1: P/SP-CSI reporting is sufficient for initial and re-transmission in periodic data traffic. 
Aperiodic data traffic (Rel-15 enabled use-cases): given that the traffic model is aperiodic FTP model with 100 packets/s, hence the average arrival interval is equal to 10 ms, which is about a packet per a frame (1 packet per 10 ms). In addition, given that the UE speed is 3 Km/h, hence the coherence time for this use-case is about 22.5 ms. Therefore, having a single CSI report of P/SP-CSI reporting for every 10 ms is sufficient. Nevertheless, this is not the case for fast changing channel scenario, an A-CSI report may be needed. Yet, if the A-CSI report is intended to be used for initial transmission, the possible options of A-CSI on PUCCH are:
· A-CSI on PUCCH with DL-DCI trigger: the UE can be triggered to send the A-CSI report on PUCCH, however, to enable this scheme it requires some modification in the existing DCI (adding a new entry, hence longer payload). Besides, this scheme has the same computational delay as the A-CSI on PUSCH. Hence, there is no clear enhancements and reasons to enable the A-CSI on PUCCH.
· A-CSI on PUCCH with group common (GC)-DCI trigger: multiple UE can be triggered to send A-CSI reports on PUCCH. However, given that the data traffic is aperiodic, hence it is very unlikely to have multiple UEs being synchronized at the same time to have DL data.
Therefore, A-CSI on PUSCH is sufficient for initial transmission with fast changing channel. 
Observation 2: Using P/SP-CSI reporting for aperiodic data traffic model is sufficient in a channel model with large coherence time. 
Observation 3: A-CSI on PUCCH schemes for initial transmission with aperiodic data traffic do not add any clear enhancements compared to A-CSI on PUSCH.
In addition, if the A-CSI report is intended to be used for the re-transmission, possible options of A-CSI on PUCCH are:
· A-CSI on PUCCH with DL-DCI trigger or GC-DCI trigger: assume the BLER for the initial transmission is equal to, hence the probability of having a re-transmission is 1% of the total received PDSCH packets. Therefore, having A-CSI reports on PUCCH after every DL reception is waste of the spectral efficiency. This is because only 1% of the A-CSI reports will be used and 99% of the A-CSI reports are not needed.
· A-CSI on PUCCH with NACK trigger: the UE prepares the A-CSI report at the time of receiving PDSCH packet, however, A-CSI report is sent when the PDSCH decoding fails, which is only 1% of the cases. However, it should be noted that for the 99% of the cases, there are A-CSI computations are running in parallel with the PDSCH decoding process to prepare the A-CSI reports, yet the 99% of the A-CSI reports are not sent. This means there is a large amount of lost power consumption due to the unneeded 99% of A-CSI reports computation.
· A-CSI multiplexed report with HARQ-ACK on PUCCH: it should be noted that there is big time difference between the PDSCH processing time capability 2 and the A-CSI computation delay/time, hence in order to multiplex the two reports (i.e. A-CSI and HARQ) to be sent together the HARQ packet should be delayed until the A-CSI computation is completed. In addition, combining the two reports means that the payload size is bigger and hence the probability of error is higher compared to sending the two reports individually. 
Observation 4: The possible expected enhancements of using A-CSI on PUCCH for re-transmission is very limited because the number of re-transmissions occurrence is only ~1% out of the total PDSCH transmissions.
Observation 5: Using A-CSI on PUCCH for re-transmission leads to increase in the UE power consumption and reduces the UL spectral efficiency. 
Proposal 1: Do not support A-CSI on PUCCH for URLLC in Rel-17.
[bookmark: _Ref54353234]Differential CQI reporting
In this section, we evaluate the existing CQI reporting and the necessity for introducing further enhancements.
Evaluation for the existing differential CQI reporting 
In 5G NR, differential CQI (D-CQI) values are reported per subband (SB) instead of the actual SB-CQI value hence reduces the number of required bits in a payload by half. However, this at the expense that the CQI offset values are not reported explicitly. For example, all the CQI offset values of >=2 are merged and reported in a single entry in the D-CQI values, as shown in Table 1, which means there is information loss in the reported CQI offset values.
[bookmark: _Ref47480075][bookmark: _Ref47479950]Table 1: Differential CQI mapping (§5.2.2.1 in [2]).
	Differential CQI values
	CQI Offset

	0
	0

	1
	1

	2
	>=2

	3
	<=-1


In order to evaluate the performance of differential CQI reporting mechanism in terms of the probability of occurrence and the probability of lost information, the statistics of having a various D-CQI value are found and plotted in Figure 1. The system parameters used to find the CQI offset values shown in Figure 1 are presented in Table 4.
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Figure 1: Probabilities of occurrence of D-CQI values using existing differential CQI table 
Where <=-2 and >=3 present the lost information in the negative and positive region of the CQI offset range, respectively, while the probability of <=-1, =0, =1, >=2 depict the performance of the current D-CQI using the existing table. From the performance evaluation using our computer simulation, the CQI offset values of the existing table cover:
· 82% of the information are reported, where the lost information is ~16% in the negative CQI offset values and ~2% in the positive CQI offset values.
Observation 6: Differential CQI with existing table does not capture all the CQI offset values where only ~82% of the statistics are captured.
It also follows from this observation that, for example, if the measured CQI offset value at the UE is -2 or less, the reported D-CQI value is <= -1, so the UE will not be able to report the correct CQI offset value and the gNB will not be able to make a reliable decision accordingly. 
In order to evaluate the existing D-CQI reporting, the MCS prediction error will be evaluated. The MCS prediction error is the difference between a scheduled MCS using existing 2-Bit D-CQI and the scheduled MCS using the actual SB-CQI values. In order to achieve the system reliability with existing 2-Bit D-CQI, it is assumed that the gNB will adopt a conservative approach for the MCS selection for the uncertain/inaccurate reported D-CQI values. In which, the reported D-CQI >= 2 is considered equal to 2, and the reported D-CQI <= -1 is considered equal to -4. The reason for the decision on choosing D-CQI = -4 is based on the statistical distribution for the differential CQI values, where the ~99% of the D-CQI statistics can be covered with high reliability, where the statistics of having D-CQI <= -5 is approximately 1%. Figure 2 depicts the performance evaluation of the MCS prediction error evaluation for factory automation scenario following the SLS parameters as in the RAN1#102-e agreement with ten users.
The MCS prediction error (surrounded with the red triangle) is equal to ~22%. Thus, inaccurate CQI reporting in the negative region of CQI offset leads to increased resource utilization and increased blockage.
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[bookmark: _Ref54110237]Figure 2: MCS prediction error using the existing 2-Bit D-CQI table
Observation 7: Reporting differential CQI with existing table results in MCS prediction error of about 22%.
Enhancements for differential CQI reporting
One straightforward approach to resolve the matter of the information loss in differential CQI reporting per subband is using 4-bit CQI per subband (i.e. sending the actual CQI value of each subband). An alternative approach is to use 3-bit differential CQI mapping as presented in Table 2 instead of the existing 2-bit table.
[bookmark: _Ref47480881]Table 2: Three-bit differential CQI mapping
	Differential CQI values
	CQI Offset

	0
	0

	1
	1

	2
	2

	3
	>= 3

	4
	-1

	5
	-2

	6
	-3

	7
	<= -4


To evaluate the performance of the 3-bit differential CQI reporting mapping, the probability of occurrence for the reported CQI offset and probability of the information loss are plotted in Figure 3. The system parameters used to find the CQI offset values shown in Figure 3 are presented in Table 4.
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[bookmark: _Ref47528303]Figure 3: Probabilities of occurrence of differential CQI values using 3-bit differential CQI table  
Where <= -5 and >= 4 present the information loss in the negative and positive region of the CQI offset range, respectively, while the probabilities of <= -4, = -3, = -2, = -1, = 0, = 1, = 2, >=3 depict the performance of using the 3-bit differential CQI mapping. From the performance evaluation, the 3-bit CQI offset values of Table 2 covers:
· 99% of the SB-CQI information are reported, where the lost information is 0.7% in the negative CQI offset and 0.3% in the positive CQI offset.
Observation 8: Using the 3-bit CQI offset mapping table achieves high accuracy of differential CQI reporting of at least 99%.
To evaluate the effect of the 3-Bit differential CQI reporting on the MCS scheduler at the gNB, the MCS prediction error is provided in Figure 4 for factory automation scenario following the SLS parameters as in the RAN1#102-e agreement with ten users. The MCS prediction error is the difference between a scheduled MCS using the 3-Bit D-CQI and the scheduled MCS using the actual SB-CQI values. In order to achieve the system reliability, it is assumed that the gNB will adopt a conservative approach for the MCS selection for the uncertain/inaccurate reported differential SB-CQI values. In which, the reported D-CQI >= 3 is considered equal to 3, and the reported D-CQI <= -4 is considered equal to -5.
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[bookmark: _Ref54119569]Figure 4: MCS prediction error using the 3-Bit D-CQI table
Where the MCS prediction error is equal to ~0.4% compared to using the actual SB-CQI (i.e. 4-Bit for reporting CQI values per SBs). Thus, using the 3-Bit D-CQI achieves the same accuracy compared to that of using 4-Bit for reporting SB-CQI, yet enjoys reduced payload size, which is one bit lesser per subband.
Observation 9: Reporting differential CQI with 3-Bit table results in enhanced MCS selection compared to that of using the existing (2-Bit) D-CQI reporting. 
Similarly, to evaluate the effect of the Worst-2 SB CQI reporting [3] on the MCS scheduler at the gNB, the MCS prediction error is provided in Figure 5 for factory automation scenario following the SLS parameters as in the RAN1#102-e agreement with ten users. From the results, the majority of the selected MCS values, using Worst-2 SB CQI scheme, for DL transmission is lower than the scheduled MCS using the actual SB-CQI values (i.e. using 4-Bit CQI reporting). Such performance is predicted because there is always a chance that the two SBs involved in calculating the Worst-2 CQI value out of the total 14 SBs are encountering either deep fading or inter-cell interference. 
[image: ]
[bookmark: _Ref68616593]Figure 5: MCS prediction error using the Worst-2 CQI scheme
Observation 10: Reporting with Worst-2 SB CQI results in a major MCS prediction error compared to that of using the existing (2-Bit) D-CQI reporting. 
Furthermore, the PRB resource utilisation performance is shown in Figure 6 for all the schemes under evaluation. From the results, using 3-Bit D-CQI achieves the same performance as using the actual SB CQI values, yet the 3-Bit D-CQI saves a bit per SB compared to 4-Bit CQI. Also, the 3-Bit D-CQI scheme outperforms the existing (2-Bit) D-CQI and the Worst-2 SB CQI schemes. Moreover, it should be noted that the UE satisfaction rate is maintained the same for all schemes under evaluations.
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[bookmark: _Ref68619713]Figure 6: PRB resource utilization using different schemes under evaluation
Observation 11: Reporting differential CQI with 3-Bit table results in enhanced resource utilization compared to that of using the existing (2-Bit) D-CQI reporting and Worst-2 SB CQI. 
Proposal 2: For URLLC in NR Rel-17, support 3-bit differential CQI mapping to capture the CQI offset accurately.
Partial CSI update
The idea of partial CSI updates assumes that some of the channel characteristics (e.g. RI/PMI) are not changing over some period of time. Thus, it will be sufficient to have infrequent update to these information (RI/PMI), and having more frequent update of the CQI only. However, the results [4] (copied below for easy referencing) have shown that partial CSI update degrades the system performance.
	R1-2102522 (RAN1#104b-e):
Table 3: UE satisfaction rate and resource utilization.
	Schemes
	Percentage of UEs satisfying BLER reliability requirement
	Resource utilization

	Scheme 1(10ms)
	98.25%
	48.19%

	Scheme 1(40ms)
	67.22%
	77.45%

	Scheme 2-0
	70.87%
	56.34%

	Scheme 2-1
	89.13%
	52.43%


· Scheme 1: Rel-15 CSI feedback mechanism with 10ms and 40ms feedback periodicities, respectively. For each CSI report instance, CQI with channel and interference measurement and RI/PMI are both updated simultaneously.
· Scheme 2-0: for each CSI report instance with 40ms periodicity, RI, PMI and CQI are updated based on channel part measurement and interference measurement. Within 40ms, three CSI report instances with 10ms periodicity are configured. For CSI report with 10ms periodicity, only interference measurement is performed and channel part is not measured. CQI only report is applied and the latest channel part, RI and PMI are reused. 
· Scheme 2-1: this scheme is similar to scheme 2-0, for CSI report with 10ms periodicity, both channel part measurement and interference measurement are performed. CQI only is reported and the latest RI, PMI are reused. 


It can be noticed from the results, CQI updates based only on the interference (Scheme 2-0) significantly degrades the system performance by about 27% to R16 baseline with the same reporting periodicity. Even with CQI updates based channel and interference (Scheme 2-1), the system performance is degraded by about 9% UE satisfaction rate compared to R16 baseline with the same reporting periodicity. Hence, it can be concluded that partial CSI update doesn’t provide more accurate MCS selection.
Observation 12: Partial CSI update degrades the system performance in terms of UE satisfaction rate and resource utilization.
Proposal 3: Partial CSI update is not supported for URLLC in Rel-17.
Proposal 4: Do not support further reduction for CQI processing time compared to Rel-16 timelines.
Soft-ACK feedback
An outer loop link adaptation (OLLA) may be implemented by the gNB to maintain a desired BLER target. OLLA operation is based on adapting the SINR values, after receiving a CQI report, to a new SINR value used for finding the MCS value for the next PDSCH transmission. To justify the necessity for enhancements in OLLA in URLLC, we discuss and evaluate the performance of existing OLLA considering the RAN1#102e agreed use-cases periodic and aperiodic data traffics. 
· Periodic data traffic: for Factory automation scenario the packet arrival interval is considered to be 2 ms. For a scenario where the UE speed is 30 km/h, the coherence time equals to 2.25 ms. Assuming that the CQI reporting follow the coherence time of the channel, the CQI reports will be as frequent as the packet transmission, which means the CQI reporting is in every 2 ms. Hence, the gNB will have up-to-date CQI reports that can be used for accurate MCS selection. Thus, there is no need for additional enhancements in OLLA for this case. On the other hand, for a scenario of a UE with speed of 3 km/h, the coherence time equals to 22.5 ms. Again, assuming that the CQI reporting follows the coherence timing and hence fewer CQI reporting needed, which is approximately having a CQI report in every 22 ms. This means that the reported CQI is not as frequent as the packet transmission, where there are about 11 PDSCH transmissions are based on a single CQI report. Having said that, OLLA may be needed to adapt the MCS selection when there is a channel changes or inter-cell interference. However, the existing OLLA is based on hard-information of ACK and NACK. While in order to adapt the MCS selection without additional CQI reports, additional ACK feedback can be used to provide further knowledge (i.e. soft-ACK). 
· Aperiodic data traffic: Similar to the previous paragraph, the provided parameter based on the agreement is: packet arrival interval = 10 ms, coherence time = 22.5 ms for UE speed 3 km/h. Assuming the CQI reporting follows the channel coherence time and hence there are about a single CQI report in every 22 ms, which may be sufficient for majority of the PDSCH transmission. For rapid channel changes or inter-cell interference, enhancing the existing OLLA might be useful. However, it is not clear how soft-ACK could be utilized by the network, and to what level it can accommodate for outdated CSI.
Observation 13: Existing OLLA is sufficient for periodic data traffic if the CQI reporting is as frequent as the packet transmission. 
Soft-ACK reporting delta-CQI/MCS
In RAN1#104bis-e the following agreement was made concerning Soft-Acknowledgements:
	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


First, we would like to point out the overlap between soft-ACK reporting and A-CSI on PUCCH when the goal is not to track the BLER target for the initial transmission but to optimize the retransmission. In our view, instantaneous CQI reporting should be considered as part of A-CSI on PUCCH rather than a soft-ACK report, and it would not replace the adaptation by OLLA described here. 
Observation 14: CQI/MCS reporting for the retransmission is already covered by A-CSI, and would not replace the adaptation by OLLA.
Furthermore, when the goal is to optimize the retransmission, it is not efficient to add a bit of overhead (or more) to each and every ACK position in the HARQ codebook, since the information is only generated for NACKs, which represent a minority of decoding outcomes. 
Observation 15:  Adding a bit of overhead (or more) to each and every ACK position in the HARQ codebook is inefficient if the goal is to provide CSI for the retransmission.  
The goal for Soft-ACK should be OLLA for the initial transmission. If there is at least one retransmission opportunity then the BLER target for the initial transmission is in the range of 1%-10%. Lower BLER target would not be optimal for the data resource utilization, and would mandate higher aggregation levels for the PDCCH. Since the operation is not so much different from conventional OLLA, at most 1 bit overhead per TB may be justified. Also, given that Soft-ACK will be reported based on the PDSCH decoding, it is essential to carefully study the impact to the UE processing timeline.
Proposal 5: For soft-ACK reporting delta-CQI/MCS, further study the following;
· Is the delta-CQI/MCS reported in combination with the HARQ-ACK or it is reported on different PUCCH.
· The expected impact to the UE processing timeline.
· The impact to the HARQ feedback payload on codebook construction procedures.
· The goal for Soft-ACK should be OLLA for the initial transmission
Conclusion
In this contribution, we discussed the possible enhancements for CQI reporting in NR and we have the following observations and proposals:
Observation 1: P/SP-CSI reporting is sufficient for initial and re-transmission in periodic data traffic.
Observation 2: Using P/SP-CSI reporting for aperiodic data traffic model is sufficient in a channel model with large coherence time.
Observation 3: A-CSI on PUCCH schemes for initial transmission with aperiodic data traffic do not add any clear enhancements compared to A-CSI on PUSCH.
Observation 4: The possible expected enhancements of using A-CSI on PUCCH for re-transmission is very limited because the number of re-transmissions occurrence is only ~1% out of the total PDSCH transmissions.
Observation 5: Using A-CSI on PUCCH for re-transmission leads to increase in the UE power consumption and reduces the UL spectral efficiency.
Observation 6: Differential CQI with existing table does not capture all the CQI offset values where only ~82% of the statistics are captured.
Observation 7: Reporting differential CQI with existing table results in MCS prediction error of about 22%.
Observation 8: Using the 3-bit CQI offset mapping table achieves high accuracy of differential CQI reporting of at least 99%.
Observation 9: Reporting differential CQI with 3-Bit table results in enhanced MCS selection compared to that of using the existing (2-Bit) D-CQI reporting.
Observation 10: Reporting with Worst-2 SB CQI results in a major MCS prediction error compared to that of using the existing (2-Bit) D-CQI reporting.
Observation 11: Reporting differential CQI with 3-Bit table results in enhanced resource utilization compared to that of using the existing (2-Bit) D-CQI reporting and Worst-2 SB CQI.
Observation 12: Partial CSI update degrades the system performance in terms of UE satisfaction rate and resource utilization.
Observation 13: Existing OLLA is sufficient for periodic data traffic if the CQI reporting is as frequent as the packet transmission. 
Observation 14: CQI/MCS reporting for the retransmission is already covered by A-CSI, and would not replace the adaptation by OLLA.
Observation 15: Adding a bit of overhead (or more) to each and every ACK position in the HARQ codebook is inefficient if the goal is to provide CSI for the retransmission. 
Proposal 1: Do not support A-CSI on PUCCH for URLLC in Rel-17.
Proposal 2: For URLLC in NR Rel-17, support 3-bit differential CQI mapping to capture the CQI offset accurately.
Proposal 3: Partial CSI update is not supported for URLLC in Rel-17.
Proposal 4: Do not support further reduction for CQI processing time compared to Rel-16 timelines.
Proposal 5: For soft-ACK reporting delta-CQI/MCS, further study the following;
· Is the delta-CQI/MCS reported in combination with the HARQ-ACK or it is reported on different PUCCH.
· The expected impact to the UE processing timeline.
· The impact to the HARQ feedback payload on codebook construction procedures.
· The goal for Soft-ACK should be OLLA for the initial transmission
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Appendix
[bookmark: _Ref54368481]Table 4: Simulation parameters for performance evaluation.
	Parameters
	Value

	Channel model
	CDL-C (300 ns rms)

	Subcarrier spacing
	30 KHz

	CQI Table
	Table 1 (64 QAM Table)

	BWP size
	144 (PRBs)

	Subband size
	8 (PRBs)

	Number of Tx and Rx antennas
	1

	SNR effective mechanism 
	MIESM
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