3GPP TSG RAN WG1 #105-e	R1-2104263
[bookmark: _GoBack]e-Meeting, May 10th – 27th, 2021

Agenda Item:	8.3.1.2
Source:	Huawei, HiSilicon
Title:	CSI feedback enhancements
Document for:	Discussion and Decision

[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In the RAN1#104b-e meeting, a big step forward has been achieved to focus the further evaluation of CSI enhancements schemes. 
For Case 1 three main directions have been given for further study, 1) reporting of a new metric that is determined based on some kind of statistical information, 2) increasing the granularity of sub-band CQI reports and 3) updating CQI only which can result in faster CSI processing times.
For Case 2, the further study shall focus on reporting delta-CQI/MCS which would be based on the PDSCH decoding result. 
The detailed agreements are given in the Appendix. In addition to the above two topics we also discuss in this paper the necessity of an A-CSI report on PUCCH which can be seen as an enabler especially for the remaining case 2 schemes.
[bookmark: _Ref129681832]Discussion
The discussions for CSI enhancements can be categorized in 3 aspects that are highly interrelated:
· The support of A-CSI on PUCCH
· Enhanced CSI schemes based on interference/channel measurements (i.e. Case 1)
· Enhanced CSI schemes based on other measurements (i.e. Case 2)
2.1 A-CSI on PUCCH
Whether or not to support A-CSI on PUCCH has been a long discussion and no consensus could be reached. However, it can be noted that a clear majority of companies supports A-CSI on PUCCH. As triggering mechanisms, both the DL DCI, GC-DCI and/or NACK-based have been suggested during previous meetings.
Also, based on the technical discussion, it is noticed that a significant number of new candidate schemes would report CSI over PUCCH including the remaining enhancement under case 2. A possible preclusion of A-CSI on PUCCH could therefore trigger new discussions for exemptions. Such a discussion will hinder the progress and should be avoided at this stage. 
We think it is time to take a hard decision, whether RAN1 supports A-CSI on PUCCH or not. Either the evaluation of schemes can move on based on the assumption that A-CSI on PUCCH is supported or not. If not supported, this would then also mean that any new scheme cannot report aperiodic CSI over PUCCH. 
We are therefore making the following proposal: 
Proposal 1: RAN1 shall down-select between the two options:
· Option 1: A-CSI on PUCCH is supported. FFS triggering mechanism, feedback scheme, and PUCCH resource allocation.
· Option 2: A-CSI on PUCCH is not supported. 
· Note: This also implies that new CSI schemes discussed in this agenda item requiring A-CSI reporting on PUCCH should not be supported either.
Supporting A-CSI on PUCCH has multiple benefits as described for example in R1-2100227, it clearly enhances the CSI reporting operation and gives the gNB scheduler the possibility to select a better MCS.
For URLLC use cases, triggering A-CSI in DL DCI is superior to the traditional method of using an UL grant, it extends the applicability of A-CSI to more scenarios that will benefit, because:

· No extra demands on the PDCCH blind decoding are required (if A-CSI is triggered in DL DCI or by NACK).
· No impact on the available number of CCEs that can be used for channel estimation (If A-CSI is triggered in DL DCI or by NACK)
· No independent successful reception of DL scheduling DCI and UL grant is required. 
· No latency increase for CSI reporting. The CSI report is triggered as soon as possible, no need to wait for the possibility to send an UL grant for triggering. 
· No increase of DL overhead, resulting in better spectral efficiency as shown in [1]. 
Based on the above discussion, we are therefore making the following proposal:
Proposal 2: Support Option 1 from Proposal 1, i.e. A-CSI on PUCCH is supported.
2.2 New CSI reporting based on interference/channel measurements (Case 1)
According to the agreement and conclusion for Case 1 (shown in Appendix 2), the continued study shall  focus on three categories, 1) a new metric that shall be determined based on network configured channel and interference measurement interval in order to report statistical information, 2) enhancing the sub-band granularity for a better reporting accuracy and 3) updating CQI only which allows for faster CSI processing due to simplified implementation complexity and also could potentially result into a lower UL overhead if the separately updated CQI is reported by itself without the old non-updated RI and PMI. 
2.2.1 Updating only CQI (Case 1-11)
In the section we discuss the following part of the agreement from last meeting:
	· 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



In the last meeting, Case 1-11 had the most support from companies, and the major motivation is that it can help to reduce the processing time. In order to move on with this scheme, some questions should be resolved.
Firstly, for updating CQI only, how to obtain the rank and the precoding? In our view, there is a multitude of possibilities. For example, for the “rank” and “precoding”, the previous measured and reported values can be re-used. Another method is that the “rank” and “precoding” are determined in advance by the gNB, for example the “rank” can be configured when measuring CQI, the precoding can be assumed to be the identity matrix scaled by , where v is the configured rank. Both options are feasible in our view and should be considered. 
Proposal 3: For the new report based on only updated CQI, the conditioned rank/precoding can be obtained from the previous reporting instant or it can be based on gNB configuration.
The measurement interval configuration is used for statistical information reporting. Only updating CQI can be used for conventional CQI reporting and also for statistical CQI reporting. Therefore, the gNB could configure a measurement interval for this scheme, but it doesn’t mean that updating CQI only has to be tied with a measurement interval.
In our view, the essence of scheme 1-11 is to only update CQI. Then, whether to also report the old RI/PMI/CRI is of less importance and it could be configured by the gNB. From the perspective of overhead reduction, RI/PMI/CRI don’t need to be reported as they remain unchanged. 
The main benefit from partially updating the CQI is that it is far less complex than a full CSI update and therefore requires less computation time. With faster CSI computation the time, the gap between the measurement and the scheduling instance is reduced, which will allow a better MCS selection. In section 2.2.4, achievable performance gains are evaluated and they show that a CSI processing time reduction by 1-2ms can give significant enhancements of the system capacity.
Proposal 4: RAN1 should strive to reduce the time gap between CSI measurement and the CSI report by 1-2ms.
In the following we analyze what is needed to obtain an improvement according to the proposal above. 
Processing time reduction: 
The timing of an aperiodic CSI report is defined by the two parameters Zk and Z’k, where k can take on 1, 2 or 3 depending on different conditions which are explained further down below. Zk is the gap between the end of the triggering DCI and the start of the channel carrying the CSI report. Z’k is the gap between the end of the measuring resource and the start of the channel carrying the CSI report. This is illustrated in Figure 1 below.     
	[image: ]


[bookmark: _Ref71190660]Figure 1 – Timing of the A-CSI report is defined by Zk and where k = 0, 1, or 3 and depends on different conditions
In 38.214, the legacy CSI processing times are defined for aperiodic CSI reporting under various conditions. There is a delay requirement 1 for fast CSI reporting which is valid under strict conditions and a delay requirement 2 that is valid for other configurations.  
Table 1 – CSI processing delay requirements according to 38.214 [2]
	
	“Fast” CSI processing according to CSI delay requirement 1 in 38.214 [2]
	CSI processing according to CSI delay requirement 2 in 38.214 [2]

	

	Z1 symbols
	Z1 symbols
	Z2 symbols
	Z3 symbols

	
	Z1
	Z’1
	Z1
	Z’1
	Z2
	Z’2
	Z3
	Z’3

	0
	10
	8
	22
	16
	40
	37
	22
	X0

	1
	13
	11
	33
	30
	72
	69
	33
	X1

	2
	25
	21
	44
	42
	141
	140
	min(44,X2 + KB1)
	X2

	3
	43
	36
	97
	85
	152
	140
	min(97, X3+ KB2)
	X3

	Conditions
	- PUSCH does not contain data or HARQ-ACK
- L = 0 CPUs are occupied
- single wideband CSI is reported
- CSI corresponds to at most 4 CSI-RS ports in a single resource without CRI report
	- wideband CSI is reported
- CSI corresponds to at most 4 CSI-RS ports in a single resource without CRI report
	otherwise
	wideband frequency-granularity where the reportQuantity is set to 'ssb-Index-SINR', or reportQuantity is set to 'cri-SINR'

	Comment
	Acceptable processing time but under restrictions
 
	Too slow

	Even slower than too slow

	Too slow




The TB size is typically small for URLLC use cases, thus they would benefit from sub-band CQI reporting. But this would require a CSI reporting delay according to Z2 and Z’2, which is too long according to evaluation shown in Section 2.2.4. 
The processing time for “Delay requirement 1” appears to be acceptable for URLLC applications, but the restrictions do not seem very applicable for URLLC, because it is only specified for wideband CSI. 
Based on the above discussion, we make the following observation and proposal:
Observation 1: 
· For the legacy A-CSI reporting, the processing time of “Delay requirement 1” is acceptable, but it is associated with restrictions that do not make it very usable for URLLC applications.
· For CSI reporting in URLLC, sub-band CQI reporting should be used, but the legacy processing delay is too long.
· The processing time of the wideband CQI report according to “ Delay requirement 2” is also too long and should be reduced by half. 
Proposal 5: In Rel-17, introduce new aperiodic sub-band CSI reports with the following characteristics
· Based on CQI update only
· Processing times similar to the legacy delay requirement 1
· FFS whether CQI is reported separately or together with previously reported PMI/RI.
For configured CSI reports there is no explicit processing time defined in the specification. However, a reference resource is defined in 38.214 that defines the minimum time gap between the CSI-RS that is used for the measurement and the time instance of the report. If the CSI processing time can be reduced, then also for SP/P-CSI, the distance between the CSI reference resource and CSI report can be reduced.
Observation 2: If the CSI processing time can be reduced, also the accuracy of configured CSI has the potential to be improved, since the measurement can be carried out closer to the reporting instance.
2.2.2 Schemes to enhance the sub-band reporting (Case 1-8)
As discussed earlier, sub-band CQI reporting is very applicable for URLLC. The schemes discussed in the previous section improve the quality of the sub-band CSI measurement significantly. With improved accuracy of the measurement, it is natural that also the reporting accuracy should be enhanced. 
The current sub-band CSI feedback is based on differential feedback, and a 2-bit delta CQI index over the wideband CQI is reported. However, this unavoidably leads to a large granularity and inaccuracy of the CSI report, especially in frequency selective channel conditions. Then, if the gNB would make the MCS selection based on the coarse CSI report, it will either result into low spectrum efficiency or into an unreliable transmission. 
To overcome this issue, the granularity of the CSI report should be improved, also, it should be possible to not only track the CQI differentially but also to report absolute values to take more rapid changes of the interference into account. 
It is straight forward and mature to simply increase the reporting granularity, i.e. to use 4-bit sub-band CQI reporting. Moreover, it is also useful that the gNB could control the UE to utilize the 2-bit or 3-bit sub-band delta CQI index or 4-bit sub-band CQI reporting. 
We therefore support scheme 1-8 which increases the granularity of the sub-band CSI report.
Proposal 6: Support case 1-8. 
2.2.3 Statistics information
2.2.3.1 General thoughts about statistic schemes 
On a conceptual level, interference and channel statistics can already be obtained by the gNB based on Rel-16 reporting. Thus, the only potential advantage of a scheme reporting interference statistics is a reduced UL overhead, since some processing such as filtering would be moved from the gNB to the UE.
Observation 3: Interference statistics can already be obtained by the gNB based on existing reporting mechanisms. Potential schemes to report interference statistics would imply that some processing (e.g. filtering) is moved from the gNB to the UE. The potential benefit of reporting interference statistics is an UL overhead reduction and the potential cost is an increased UE implementation complexity.
If the UE would calculate statistics about the channel and the interference, some characteristics about the distribution need to be assumed. For example, if the MEAN and STD of the SINR shall be reported, it is assumed that the PDF of the interference is symmetrical. For MCS selection, prior knowledge about the distribution is necessary at the gNB side, otherwise it could not know how to use the MEAN and STD reported by the UE. Although, a-priori knowledge might be possible in some simulations, in practice it is hard to achieve randomly distributed interference, and also, it is hard to obtain a-priori information about the interference/channel. 
Observation 4: Schemes that report interference statistics assume specific theoretical characteristics about the interference that are not assured in practice. 
In addition to that it is very hard or even impossible to obtain accurate and useful interference statistics, and which type of statistic information that is required at the gNB highly depends on the scheduling algorithm. It is therefore not obvious to specify the parameters that should be reported by the UE. As an example, for a particular scheduling algorithm, MEAN and STD might be required, but for another scheduling algorithm, the x%-tile might be required.
Observation 5: Which type of statistic information is reported has highly impact on the scheduling algorithm that should be implemented at the gNB, it limits therefore the implementation flexibility. Different deployment scenarios might benefit from different scheduling algorithms.
Observation 6: Schemes 1-11 and 1-8 actually introduce enhancements on top of Rel-16, they can reduce the CSI processing time and can provide a better reporting accuracy. The statistical schemes do not introduce such type of enhancements. All the processing could in principle already be carried out at the gNB. The potential benefits with the statistical schemes is a reduced reporting overhead. 
Although we hold a generally negative view about the statistical information reporting, we agree to study some of them further in order to move on with this topic. 
2.2.3.2 Discussion of the statistic schemes that are agreed for further study 
In the agreement, there are four candidate schemes for the statistic information report. In our view, if RAN1 eventually agrees on the support of one scheme, then this method has to work well together with the currently established framework, and shall also go well together with other potential CSI enhancements that could be specified for this work item.
Mean-CQI/SINR and stdev-CQI/SINR (Case 1-1)
The mean-CQI/SINR is easy to compute, and in our view it would not impact the uplink overhead so much, as the mean and stdev values are only required to be reported with a relatively long period. It is also true that the mean-CQI reporting can easily be obtained from the current CQI table. 
However, one of the major limitations with this scheme is the assumption of the distribution of channel information. Moreover, the std-CQI/SINR is hard to be specified. One difficulty is how to define the std-CQI table. Considering the limited time, we prefer to choose a scheme with smaller spec impact and that is better aligned with other possible enhancements.
Interference standard deviation (case 1-3)
The motivation for this scheme is quite similar to the Mean-CQI/SINR and stdev-CQI/SINR. Both methods target to obtain interference statistic information at the UE, and the only difference is the report content. Both schemes should be treated together and among them we prefer case 1-1 because it has less spec impact. 
CSI based on worst IMR occasion (Case 1-6)
This scheme is very similar to Release-16 CSI reporting. The only difference is that a filtering method at the UE side has to be specified. From the implementation perspective this is not difficult. Most importantly in our view, it is quite easy that this scheme can work together with the other previously discussed CSI enhancement schemes, like Case 1-8, and Case 1-11. Therefore, it is a promising method for statistic information reporting. 
Even this scheme has in general little spec impact, there are still issues that need to be addressed: Firstly, we need to define the worst case, e.g. is it defined by the worst-SINR? Secondly, the definition of the IMR occasions should be clarified. Does “occasion” mean different time occasions for one configured CSI-RS resource, or is the “occasion” the time instant of multiple configured CSI-RS resources? Thirdly, is the worst IMR selected from different configured CSI-RS resources or it has to be selected from the same configured CSI-RS resource? If the worst case is selected from different CSI-RS resources, since the different CSI-RS resources may have different PMI/RI, it seems complicated to compare them.
Worst-M CQI 8 (Case 1-5)
The scheme proposed in [3] indicates the CQI associated with the worst M sub-bands. Considering the scheme is a simple extension to Rel-16, if noticeable gain is shown, it could be a good candidate too. 
The channel and interference measurement interval is only used for statistical information reporting. Therefore, in our view, it is not necessarily configured for the existing CSI type.
Observation 7: For reporting statistical information, Case 1-6 and 1-5 have less spec impact than case 1-1 and 1-3 and also are better aligned with other enhancement schemes (case 1-8, case 1-11) that are discussed under case 1.
Proposal 7: If schemes for obtaining and reporting statistical channel information shall be studied further: 
· They should only be specified as a complement to schemes 1-11 and 1-8.
· RAN1 should focus on worst IMR occasions and/or Worst M-CQI.
· FFS: For the worst IMR occasion
· How to define the worst IMR
· How do define the ”occasion”, e.g. does it mean different time occasions for one configured CSI-RS resource, or is the “occasion” the time instant of multiple configured CSI-RS resources?
· Is the worst IMR selected from different configured CSI-RS resources or it has to be selected from the same configured CSI-RS resource? How to handle different PMY/RI for the latter?
2.2.4 Performance evaluation of fast CSI 
The following simulation results give examples of the performance gain that can be achieved by reducing the CSI processing time. 
Simulation scenario 1:
These simulations have discussed in detail in our paper [5] that was submitted to for RAN1#104b-e. For brevity, only the key settings and findings are re-stated here.
Downlink transmissions in the indoor factory environment are evaluated. The users are affected by interfering BSs surrounding the serving area. Four interferers are deployed, one on each side of the service area of size 120m*50m, with 10m distance to its edge. Within the service area, a single cell with 12 sets of distributed antennas is used to serve the UEs as a distributed MIMO system.
In the simulations, a periodic deterministic traffic model with a data arrival interval of 1ms is considered for the UEs in the serving area. The packet size is 32 Byte. And the latency and target reliability are 1ms and 99.999%, respectively. The carrier frequency and transmission bandwidth are set to 3.5GHz and 20MHz, respectively. The channel model is set to sub-case 4, i.e., dense-high (DH) deployment of Indoor Factory (assuming a factory size of 120m*50m*10m) [4]. 
Since only small packets of size 32 Bytes are considered in the simulation, using the sub-band granularity for the CSI report is more suitable. 
The interfering gNBs randomly allocate RBs and beams at each scheduling duration, and in average 30% of the resources are affected by interference. The other simulation assumptions can be found in Table A1-1 in the Appendix. The interfering gNBs transmit NZP-CSI-RS at TTI n to simulate (or to announce) the PDSCH that is going to be transmitted at TTI n+x. The NZP-CSI-RS has the same transmit power, resource allocation, and precoding matrix as the scheduled interfering PDSCH. The UEs in the service area can then utilize the NZP-CSI-RS at TTI n to calculate and to report the expected channel and interference at TTI n+x. The serving cell uses the CSI report from TTI n to schedule the PDSCH transmission for the URLLC UEs at TTI n+x. 
We performed simulations to evaluate the performance of this pre-scheduling approach and to evaluate the impact of the gap between channel measurement and the PDSCH transmission to the URLLC UEs. The size of the gap between TTI n and TTT n+x is impacted by the CSI processing time, i.e. the gap can be reduced with a shorter processing time. Our simulation results are shown in Table 2 below, where a CSI delay of 3ms is compared to a CSI delay of 1ms. It can be seen that with shorter CSI processing time, a more suitable MCS can be selected that significantly enhances the system capacity. 
[bookmark: _Ref71388701]Table 2 - Supported #UEs for different schemes under 100% availability
	
	Baseline CSI computation – 3ms 
	Fast CSI computation – 1ms CQI update only

	Total UE Num. in the serving area
	70
	100



Observation 8: Using fast CSI feedback can greatly increase the number of supported UEs. In the system level simulations for factory automation a CSI delay of 3ms has been compared with a fast delay of 1ms. About 42% more users can be supported with an enhanced scheme. 
Simulation scenario 2:
The deployment scenario for factory automation is assumed, shown as Figure 2 below.
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[bookmark: _Ref71552320]Figure 2 - The deployment scenario for the system simulation
As opposed to scenario 1, the gNBs are not dynamically cooperating. The gNBs schedule URLLC traffic on pre-determined orthogonal resources and use their remaining bandwidth to serve eMBB UEs. The interfering eMBB traffic arrives randomly and each transmission has a duration of 2ms. In average 15% of each gNB’s bandwidth is allocated to eMBB UEs which then interfere with URLLC traffic. 
For the URLLC traffic and requirements the same assumptions as in Scenario 1 are applied. Since only small packets of size 32 Bytes are considered in the simulation, sub-band granularity for the CSI reporting is used.
It is then evaluated how many percent of the UEs in the factory environment can meet the URLLC requirements. Simulations have been performed for 144 UEs and 180 UEs in the service area. Two cases of CSI processing time are compared. For both cases the CSI periodicity is 1ms but in Case 1 the time gap between channel measurement and the CSI report is 0.5ms, whereas in Case 2, the minimum Rel-16 time gap of 2ms for configured CSI reporting is applied. 
The simulations results are given in Table 3 below. It can be seen that with a reduced CSI processing time, the URLLC system capacity can be increased significantly. 
[bookmark: _Ref71553769]Table 3 – Simulation results for Scenario 2
	
	Percentage of URLLC UEs fulfilling 1 ms latency and 99.999% reliability 


	
	Case 1: Enhanced CSI processing time
0.5ms delay between CSI measurement and report
	Case 2: Legacy CSI processing time
2ms delay between CSI measurement and report

	144 UEs (12 UEs per cell)
	100%
	70%

	180 UEs (15 UEs per cell) 
	68.57%
	37.14%


Based on the above discuss and evaluation we make the following observation.
Observation 9: By reducing the gap between the CSI-RS based measurement and the CSI report, i.e. reducing the CSI processing time, the number of UE meeting the URLLC requirements can increase significantly. 
· For the evaluated use case, a 2ms gap is compared with a 0.5ms gap, 
· For 12s UEs per cell an increase from 70% of the UEs to 100% is observed.
· For 15s UEs per cell an increase from 37% of the UEs to 68% is observed.
2.3 Enhanced CSI scheme based on other measurements (Case 2)
For case 2, CSI is calculated based on the PDSCH. It is our understanding that the remaining scheme 2-3 would use A-CSI on PUCCH. Reporting OLLA-Type CSI on PUSCH would be very inefficient and should not need to be studied in our view. An agreement to support A-CSI on PUCCH is therefore a pre-requisite to further study Case 2-3.  
Proposal 8: For Case 2-3, if it is intended to report the A-CSI over PUCCH, if a further study shall be carried out, RAN1 shall make an agreement to support A-CSI on PUCCH firstly.
The agreement from RAN1#104b-e that addresses the case 2 reporting is given below:
	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



To minimize the specification impact, it is in our view better to utilize CQI rather than MCS. 
Proposal 9: For studying scheme 2-3, we slightly prefer delta-CQI reporting instead of delta-MCS reporting due to a smaller standard impact. 
There are 2 FFSs in the above agreement, one is about the granularity of the report type and the other should discuss which reference shall be used for the delta-report. 
In order to understand if and how the reporting of “delta” values can help the gNB scheduler to select a better MCS, it is beneficial to firstly recapitulate the legacy CQI reporting and the corresponding MCS selection at the gNB:
In the legacy mechanism, the reported CQI corresponds to the maximum achievable MCS for a given TBS and is valid under the assumption of a BLER target rate of either 1e-1 or 1e-5. It is known to the gNB which specific BLER target the UE has assumed for the CQI report and therefore the gNB can obtain the corresponding MCS directly from the CQI report. However, the gNB scheduler can intend to use a different BLER target for the actual PDSCH transmission, it is not bound to 1e-1 or 1e-5. It can apply any value and this value can also vary between different transmissions, for example between the initial transmission and the re-transmission of a TB. If the PDSCH shall be scheduled with a BLER target that is lower than the reference, the gNB will very likely apply a MCS which is smaller than what is obtained directly from the CQI report. And similarly, if the gNB selects a higher BLER target it could use a higher MCS than what is obtained from the CQI report. Hence, in order to take the difference between actual BLER used for the PDSCH and the reference BLER into account, the gNB might adjust the MCS that is obtained from the reported CQI. The applied BLER for the PDSCH transmission itself is not known to the UE. 
Observation 10: In legacy CQI reporting,
· The reported CQI value is based on a reference BLER. The MCS obtained from the CQI report is valid for this reference BLER. If, for PDSCH transmission, the gNB scheduler applies a different target BLER, then it might modify the obtained MCS value from the reported CQI, i.e. due to the different target BLERs, there can be an MCS offset between the obtained value from the CQI report and the MCS which is used for the scheduled PDSCH.
· The actual BLER target that is used by the gNB scheduler is transparent to the UE.
As an example, assume that the UE reports the CQI based on the reference BLER of 1e-5 but the gNB intends to schedule with a BLER of 1e-3. In this situation, the MCS that the gNB can use is larger than the MCS obtained from the CQI report. 
	 [image: ]


Figure 3 – MCS offset due to different BLER assumptions at UE and gNB.

For the case 2-3 enhancement it is proposed to report a delta-CQI/MCS. The delta-CQI/MCS is based on PDSCH decoding and in the following it is discussed what needs to be considered depending on the selected reference for the delta-CQI/MCS.
Option 1: Using CQI obtained from CSI-RS measurement as reference for delta-CQI/MCS:
The CQI report is based on a BLER reference of either 1e-1 or 1e-5. In option 1, the same BLER reference is assumed for the delta-CQI/MCS report. And the “delta” value is using the CQI from the CSI-RS based measurement as reference.  
If the channel quality has increased between a previous CQI report and the PDSCH decoding, then the PDSCH-decoding based measurement would result into a larger CQI and the UE would be able to support a higher MCS than what has been used for the scheduling. In that situation and a positive delta-CQI/MCS is reported. The gNB could use a previously received CQI report together with the delta-CQI/MCS to determine the MCS for the next transmission.  If the channel quality has decreased, a negative delta-CQI is reported. 
Since both the CQI report and the delta-CQI/MCS reported are based on the same reference BLER, the gNB can obtain the new CQI (and the corresponding MCS) by simply adding the old CQI and the reported delta-CQI/MCS. If the gNB intends to schedule the PDSCH with a different BLER target than what has been used for the CQI measurement, then the gNB might adjust the MCS to schedule the PDSCH accordingly. This principle is illustrated in Figure 4 below.
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[bookmark: _Ref71276502]Figure 4 – MCS adaptation based on CQI+ deltaCQI/MCS 
For the above described principle, when the delta-CQI/MCS is reported relatively to the CQI, a rather course granularity could be applied to represent the delta-values. For example, 2 bits could be sufficient to distinguish between incrementing, decrementing or keeping the reported CQI/MCS constant.
However, there is one problem related to this approach. That is when the UE has to calculate the CQI based on CSI-RS, then a certain precoding matrix which is known to both the UE and the gNB has been used. But when the PDSCH is scheduled, a different pre-coding matrix, unknown to the UE, could be applied. In order to calculate a correct delta-CQI value, the UE has to know the valid precoding matrix for the PDSCH transmission. This should either be signaled to the UE or the gNB has to apply the same precoding for the PDSCH that it also has been used for the CSI-RS transmission.   
Observation 11: For PDSCH-based delta-CQI/MCS reporting, if the delta-CQI/MCS is based on a reference CQI obtained from CSI-RS measurement, then:
· The number of bits to represent the delta-CQI/MCS can be rather few, e.g. 2 bits could be sufficient to increment, to decrement or to keep the CQI/MCS value. 
· The UE must be made aware of the RI/PMI that have been used for the PDSCH transmission. 

Option 2: Using the MCS of the scheduled PDSCH as reference for the delta-CQI report
The basic idea with scheme 2-3 is that the UE shall, based on PDSCH decoding, determine the available margin for preventing a decoding error. For example, if there is a large margin, then a more aggressive MCS could be applied in the next transmission. In order to determine a decoding margin, the UE needs to assume a BLER target value. This is natural since the margin needs to be related to a reference. For a very low BLER target reference, a much higher margin will be required to trigger a positive delta-CQI/MCS report than it would be needed for low reference target BLER.
Observation 12: For PDSCH-based delta-CQI/MCS reporting, if the delta-CQI/MCS is based on the scheduled MCS, the UE needs to make an assumption on a reference target BLER to determine the decoding margin.
One possibility for selecting the reference target BLER is that the UE assumes a fixed value, for example 1e-1 or 1e-5. In this case, the BLER target of the scheduled PDSCH and the reference BLER can be different. In our understanding, this will result into too many bits that will be needed to represent the delta-CQI/MCS. This is illustrated in the following example, where for simplicity delta-MCS is reported, but the same underlying principles also apply to delta-CQI.
Example (an illustration of the example in given in Figure 5 below)
1. The UE assumes 1e-5 as reference BLER target and the BLER target for scheduling the PDSCH is 1e-3. 
2. Then, for the same SINR (e.g. SINR = K dB), the CQI calculated at the UE would correspond to a much lower MCS than what the gNB could use. Generally speaking, the calculated MCS at the UE based on the reference BLER could be MCS1 but the MCS used by the gNB is MCS2=MCS1+a. In other words, due to the mismatch between the reference BLER at the UE side and the BLER target for the PDSCH, there is an “a” steps higher MCS for the PDSCH transmission than what is obtained from the UE report.
3. Assume now that the PDSCH 1 is scheduled with “MCS2=MCS1+a”.
4. Assume that the channel conditions have become better (SINR went up by N dB), the PDSCH1-based CQI calculation will result into a higher MCS, e.g. “MCS=MCS1+1” at the UE side instead of “MCS=MSC1” from the previous occasion. Since the scheduled MCS was “MCS1+a”, and the UE uses this parameter as reference for the delta-MCS report, it will have to send “delta-MCS = MCS1+1-(MCS1+a) = 1-a” to the gNB.
5. Based on the received “delta-MCS= 1-a”, the gNB knows that the MCS for the reference BLER at the UE side has gone up by one and is now MCS=MCS1+1. Following the same principle from step 2, it converts this value into the “MCS=MCS1+1+a” to compensate for the BLER mismatch and uses it for scheduling PDSCH 2. 
6. Assume that the SINR has decreased again down to K dB during the reception of PDSCH 2.  The obtained MCS at the UE side is again MCS=MCS1. The delta-MCS that now will be reported is delta-MCS=MCS1-(MCS1+1+a) = -1-a.
7. The gNB calculates the MCS at the UE side based on the latest delta-MCS reports. It finds out that it has to lower the MCS again and applies “MCS=MCS1+a” for scheduling PDSCH 3. 
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[bookmark: _Ref71307756]Figure 5 – Signaling delta-MCS with using the scheduled MCS as reference
As it can be seen from the example above, when using the scheduled MCS as reference for the delta-CQI, and when different BLERs are applied for the CQI calculation and the PDSCH scheduling, then the gNB needs to be able to distinguish with a fine granularity between large values in the delta-MCS report.  For example here a “delta-MCS=1-a” would mean that the gNB can use a more aggressive MCS for the next PDSCH, whereas a “delta-MCS=-1-a” would mean that the gNB should apply a more conservative scheduling. 
To quantify this, assume that due to different BLERs at the UE and the gNB, the gNB wants to schedule an “a=8” steps larger MCS than what is received in the CQI report. Then delta-MCS= -7 would mean that the gNB can use a more aggressive scheduling whereas delta-MCS=-9 would mean that the gNB has to use a more conservative MCS. For this example, 2 bits would be needed to represent (MCS up, MCS down, MCS unchanged), and additional log2(8)=3 bits are needed to compensate for the different BLERs. In total 5 bits are required. Generally, the maximum number of extra bits depends on the maximum expected offset. The smallest possible offset +/- 1 would require 1 extra bit. 
Based in the above discussion, we make the following observation:
Observation 13: For PDSCH-based delta-CQI/MCS reporting, if the delta-CQI/MCS is based on the scheduled MCS, due a potential mismatch between the reference BLER at the UE side and the target BLER used for scheduling the PDSCH, a significant bit-width is required to quantize the delta-CQI/MCS.
Based on the discussion and observation above, when the scheduled MCS is used as reference for the delta-CQI/MCS report, using different BLERs for the CQI calculation and for PDSCH scheduling will result into a large UL overhead and shall be avoided. We are making the following proposal: 
Proposal 10: Because of the potential mismatch between the target BLER of the PDSCH and the BLER assumed for the CQI/MCS report, the MCS of the PDSCH should not be used as reference for the delta-CQI/MCS report. 
Conclusions 
According to the discussion, following proposals and observations are provided:

For A-CSI on PUCCH:
Proposal 1: RAN1 shall down-select between the two options:
· Option 1: A-CSI on PUCCH is supported. FFS triggering mechanism, feedback scheme, and PUCCH resource allocation.
· Option 2: A-CSI on PUCCH is not supported. 
Note: This also implies that new CSI schemes discussed in this agenda item requiring A-CSI reporting on PUCCH should not be supported either.
Proposal 2: Support Option 1 from Proposal 1, i.e. A-CSI on PUCCH is supported.

On Case 1-11
Proposal 3: For the new report based on only updated CQI, the conditioned rank/precoding can be obtained from the previous reporting instant or it can be based on gNB configuration.
Proposal 4: RAN1 should strive to reduce the time gap between CSI measurement and the CSI report by 1-2ms.
Observation 1: 
· For the legacy A-CSI reporting, the processing time of “Delay requirement 1” is acceptable, but it is associated with restrictions that do not make it very usable for URLLC applications.
· For CSI reporting in URLLC, sub-band CQI reporting should be used, but the legacy processing delay is too long.
· The processing time of the wideband CQI report according to “ Delay requirement 2” is also too long and should be reduced by half. 
Proposal 5: In Rel-17, introduce new aperiodic sub-band CSI reports with the following characteristics
· Based on CQI update only
· Processing times similar to the legacy delay requirement 1
· FFS whether CQI is reported separately or together with previously reported PMI/RI.
Observation 2: If the CSI processing time can be reduced, also the accuracy of configured CSI has the potential to be improved, since the measurement can be carried out closer to the reporting instance.

On Case 1-8
Proposal 6: Support case 1-8. 

On statistical schemes
Observation 3: Interference statistics can already be obtained by the gNB based on existing reporting mechanisms. Potential schemes to report interference statistics would imply that some processing (e.g. filtering) is moved from the gNB to the UE. The potential benefit of reporting interference statistics is an UL overhead reduction and the potential cost is an increased UE implementation complexity.
Observation 4: Schemes that report interference statistics assume specific theoretical characteristics about the interference that are not assured in practice. 
Observation 5: Which type of statistic information is reported has highly impact on the scheduling algorithm that should be implemented at the gNB, it limits therefore the implementation flexibility. Different deployment scenarios might benefit from different scheduling algorithms.
Observation 6: Schemes 1-11 and 1-8 actually introduce enhancements on top of Rel-16, they can reduce the CSI processing time and can provide a better reporting accuracy. The statistical schemes do not introduce such type of enhancements. All the processing could in principle already be carried out at the gNB. The potential benefits with the statistical schemes is a reduced reporting overhead. 
Observation 7: For reporting statistical information, Case 1-6 and 1-5 have less spec impact than case 1-1 and 1-3 and also are better aligned with other enhancement schemes (case 1-8, case 1-11) that are discussed under case 1.
Proposal 7: If schemes for obtaining and reporting statistical channel information shall be studied further: 
· They should only be specified as a complement to schemes 1-11 and 1-8.
· RAN1 should focus on worst IMR occasions and/or Worst M-CQI.
· FFS: For the worst IMR occasion
· How to define the worst IMR
· How do define the ”occasion”, e.g. does it mean different time occasions for one configured CSI-RS resource, or is the “occasion” the time instant of multiple configured CSI-RS resources?
· Is the worst IMR selected from different configured CSI-RS resources or it has to be selected from the same configured CSI-RS resource? How to handle different PMY/RI for the latter?

On performance gain due to reduced CSI processing time
Observation 8: Using fast CSI feedback can greatly increase the number of supported UEs. In the system level simulations for factory automation a CSI delay of 3ms has been compared with a fast delay of 1ms. About 42% more users can be supported with an enhanced scheme. 
Observation 9: By reducing the gap between the CSI-RS based measurement and the CSI report, i.e. reducing the CSI processing time, the number of UE meeting the URLLC requirements can increase significantly. 
· For the evaluated use case, a 2ms gap is compared with a 0.5ms gap, 
· For 12s UEs per cell an increase from 70% of the UEs to 100% is observed.
· For 15s UEs per cell an increase from 37% of the UEs to 68% is observed.

On case 2-3
Proposal 8: For Case 2-3, if it is intended to report the A-CSI over PUCCH, if a further study shall be carried out, RAN1 shall make an agreement to support A-CSI on PUCCH firstly.
Proposal 9: For studying scheme 2-3, we slightly prefer delta-CQI reporting instead of delta-MCS reporting due to a smaller standard impact. 
Observation 10: In legacy CQI reporting,
· The reported CQI value is based on a reference BLER. The MCS obtained from the CQI report is valid for this reference BLER. If, for PDSCH transmission, the gNB scheduler applies a different target BLER, then it might modify the obtained MCS value from the reported CQI, i.e. due to the different target BLERs, there can be an MCS offset between the obtained value from the CQI report and the MCS which is used for the scheduled PDSCH.
· The actual BLER target that is used by the gNB scheduler is transparent to the UE.
Observation 11: For PDSCH-based delta-CQI/MCS reporting, if the delta-CQI/MCS is based on a reference CQI obtained from CSI-RS measurement, then:
· The number of bits to represent the delta-CQI/MCS can be rather few, e.g. 2 bits could be sufficient to increment, to decrement or to keep the CQI/MCS value. 
· The UE must be made aware of the RI/PMI that have been used for the PDSCH transmission. 
Observation 12: For PDSCH-based delta-CQI/MCS reporting, if the delta-CQI/MCS is based on the scheduled MCS, the UE needs to make an assumption on a reference target BLER to determine the decoding margin.
Observation 13: For PDSCH-based delta-CQI/MCS reporting, if the delta-CQI/MCS is based on the scheduled MCS, due a potential mismatch between the reference BLER at the UE side and the target BLER used for scheduling the PDSCH, a significant bit-width is required to quantize the delta-CQI/MCS.
Proposal 10: Because of the potential mismatch between the target BLER of the PDSCH and the BLER assumed for the CQI/MCS report, the MCS of the PDSCH should not be used as reference for the delta-CQI/MCS report. 
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Appendix 1 – Simulation assumptions
Table A1-1 System simulation for separate interference feedback for factory automation
	Parameters
	Value

	Distance between interference BSs and the boundary of serving area
	50m/10m

	Carrier frequency
	3.5GHz

	Duplex mode
	TDD

	Channel model 
	InF(R16 IIOT indoor factory) for 3.5 GHz
sub-scenario 4 is adopted
h_c = 6,r=0.6 

	UE Tx power
	23dBm

	BS antenna configurations
	4 Tx/4 Rx antenna ports
 (M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2)
10 m

	BS antenna height
	10 m (indoor)
25m (outdoor)

	BS receiver noise figure
	5dB

	UE antenna configuration
	2 Tx/4 Rx antenna ports 
Panel model 1: Mg=1, Ng=1, P=2, dH=0.5
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2) for 4 Rx;
(M, N, P, Mg, Ng; Mp, Np) = (1, 1, 2, 1, 1; 1, 1) for 2 Tx;

	UE antenna height
	1.5m

	UE receiver noise figure
	9 dB

	Total transmit power per TRxP
	24 dBm for indoor BS
46 dBm for outdoor BS

	BS receiver
	MMSE-IRC 

	Simulation bandwidth 
	20 MHz for scenario 1;
100 MHz for scenario 2.

	SCS 
	60 kHz

	UE distribution
	100% of users are indoor: 3 km/h UE-speed

	HARQ/repetition
	Without HARQ

	Channel estimation
	Realistic

	CSI configuration
	Realistic,
P-CSI with periodicity of 1ms

	Latency
	1 ms (air interface latency)

	Reliability (%)
	99.999%

	Data packet size and traffic model
	32 bytes, 
Periodic deterministic traffic model with data arrival interval 1 ms

	Payload of the outdoor BS
	30%

	Penetration loss
	20 dB


Appendix 2 – Previous agreements
From RAN1#102-e:
Agreements:
· CSI feedback enhancement for Multi-TRP transmission is not to be discussed further under IIoT/URLLC enhancement WI
 
Agreements:
· Baseline assumptions are used as the required minimum to be simulated for the evaluation of candidate CSI enhancement schemes
· Reuse the assumptions in TR 38.824 and TR 38.901 as a starting point
· Companies shall report additional parameters (e.g., CSI measurement settings, CSI reporting schemes) used in their evaluation
· FFS details of baseline assumptions
· Companies can bring additional simulation results with other set(s) of assumptions
 
Agreements:
· Study/evaluate further on following CSI enhancement schemes in terms of technical benefit, specification and implementation impacts.
· New triggering methods for A-CSI and/or SRS
· New reporting based on one or more of the following:
· Case 1: channel/interference measurement for new CSI reporting, considering aspects such as one or more of the following:
· Reporting more accurate interference characteristics
· Reduced CSI feedback overhead (e.g., reporting interference measurement only)
· Enhanced CSI reporting such as WB/SB CQI
· Case 2: other measurement (other than channel/interference) for additional information
· E.g., PDCCH/PDSCH decoding, recommended HARQ RV sequence, etc.
· It targets to help gNB scheduler for better link adaptation of (re)transmission 
· [Reduced CSI computation time/complexity]
· [CSI feedback for PDCCH]  
· Other CSI enhancement schemes that enable accurate MCS selection are not precluded
· Detailed assumptions of the proposed CSI enhancement schemes should be provided by the proponent, such as
· Reporting values
· Triggering conditions for the reporting
· Associated measurement resource
· Uplink resource to be used for the reporting
· How to use the reported information at the gNB scheduler
· CSI-RS overhead and CSI reporting frequency 
· CSI reporting latency/timeline
· Etc.
 
Agreements:
· Consider Table 1 as baseline assumption for system level simulation for evaluating CSI enhancement schemes 
· The uses cases in Table 1 is for simulation purposes and it does not preclude a CSI enhancement scheme which is beneficial for the other URLLC use cases
· No baseline assumption is used for link level simulation 
· Companies are encouraged to use one of LLS assumption tables in Section A.3 in TR38.824 for any link level simulation

Table 1. Baseline SLS assumption for CSI enhancement schemes in URLLC/IIoT
	Parameters
	Values

	Performance metric
	Option-1 (section 5.1 of TR 38.824)

Additional metrics (it is up to company to bring results with additional metric):
· MCS prediction error (e.g., difference of a scheduled MCS and an ideal MCS)
· DL/UL signaling overhead
· CCDF of latency samples from all UEs
· BLER of 1st transmission
· Resource utilization
· Spectral efficiency

	Use cases
	Following two use cases can be considered for new triggering method and new reporting. Companies are encouraged to evaluate the following cases in descending priority:
· Rel-15 enabled use case (e.g. AR/VR) in TR 38.824 
· Reliability: 99.999
· Latency: 4ms (200bytes)
· Traffic mode: FTP model 3 (100p/s)
· Factory automation in TR 38.824 
· Reliability: 99.9999
· Latency: 1ms (32bytes)
· Traffic mode: Periodic deterministic traffic model with arrival interval 2ms
· Rel-15 enabled use case (e.g. AR/VR) in TR 38.824 
· Reliability: 99.999
· Latency: 1ms (32bytes)
· Traffic mode: FTP model 3 (100p/s)
· Assumptions for eMBB and URLLC UEs sharing the same carrier is used (as in A2.5 of TR 38.824)

	Simulation assumptions
	Following simulation assumption is used based on the use case selected:
· Rel-15 enabled use case with UMa (Table A.2.4-1 in TR 38.824)
· Factory automation at 4GHz (Table A.2.2-1 in TR38.824) with following update: 
· Channel model is replaced with InF (InF-DH) in TR 38.901 
· Companies can bring results with other InF scenarios additionally
· Layout is replaced with BS deployment in Table 7.8-7 in TR 38.901

	Transmission scheme
	Multiple antenna ports Tx scheme
· Companies report the details of Tx scheme used



From RAN1#103-e:
Agreements
· No change of CSI processing time relative to Rel-16 CSI in this WI
· CSI processing time specific to a new CSI reporting quantity/type (if supported) can be studied

Agreement:
· For Case-2 new reporting, continue studying with focus on the new reporting type based on PDSCH decoding for OLLA performance enhancement for initial and re-transmissions of PDSCH.

Agreements:
For Case-1 New reporting, the following candidate schemes have been identified to address the fast interference change over time. Continue studying with focus on the identified schemes below for further study and evaluation.
· Scheme 1a: New reporting quantity based on CQI/SINR statistics, e.g.,
· CQI/SINR statistics (e.g., mean, variance, etc.)
· CSI prediction
· Scheme 1b: New reporting quantity of interference statistics (e.g., mean, variance, interference covariance matrix, etc.)
· Scheme 1c: New reporting quantity based on modifying existing reporting format, e.g.,
· CQI reporting considering the worst subbands
· Subband CQI granularity enhancement
· Scheme 1d: New reporting quantity related to CSI expiration time
· Scheme 1e: New reporting quantity with partial information update, e.g.,
· CSI reporting with interference update only
Companies are encouraged to investigate the above schemes, aiming for down-selection in RAN1#104-e
From RAN1#104-e:
Conclusion: Continue evaluation of new reporting Case 1 and Case 2 for the schemes identified in Appendix B of R1-2102131. 
· Companies are encouraged to provide their views on each scheme against each criterion in respective Tables in Appendix B. 
· Companies are encouraged to provide additional evaluation results for as many schemes as possible, based on assumptions agreed in RAN1#102-e.
· Aim for down-selection at RAN1#104-b-e by taking into account evaluation results and assessment against criteria from Appendix B.

From RAN1#104bis-e:
Conclusion:
For new reporting Case 1, do not consider further the following schemes:
· Case 1-2: CSI prediction
· Case 1-4: Interference covariance matrix
· Case 1-9: Reference wideband CQI excludes worst sub-bands
· Case 1-10: CSI expiration time

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

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. 
· Downselect 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 subband CQI (e.g. 3-bits differential subband CQI or 4-bits full subband 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
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