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Introduction
CSI feedback enhancements were discussed in RAN1#102-e and the following were identified for further consideration. 

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

This contribution considers the above CSI enhancement schemes for URLLC in Rel-17. 


CSI feedback enhancements
Potential CSI enhancement schemes are considered in the order captured in the agreements from RAN1#102-e.

A. New triggering methods for A-CSI and/or SRS
In RAN1#102-e, A-CSI triggering by a DL assignment was discussed. Generally, there is not reason to introduce such functionality because:
a) Overhead gains are minimal or non-existent. A UE would practically never need to report A-CSI every time it is scheduled a PDSCH reception. A CSI request field (when configured) can have anywhere from 1 to 6 bits (depending on FR1 vs. FR2 for beam reports, wide-band vs. sub-band CSI or Type II CSI, etc.). Whenever the UE is not triggered to report CSI, those bits are overhead. Additional overhead will also exist for DCI format 0_1/0_2 to size match with DCI format 1_1/1_2 as the latter usually have larger size. More overhead may be needed as is subsequently discussed. 
b) CSI reporting on PUCCH has priority 0 – support of priority 1 was excluded from further consideration in RAN1#102-e. It is then unclear how to achieve the CSI report reliability on the PUCCH (e.g. when multiplexed with eMBB HARQ-ACK having a typical BLER that is much larger than ~10-5, or when a power setting is as for an eMBB CSI report), or how it can be guaranteed that a UE does not drop the CSI report. From that perspective, a CSI report triggered by an UL grant is always preferable. 
a. Further, for a CSI report to not have an impact on data BLER, the CSI report BLER needs to be at least an order of magnitude smaller than the data BLER. If a UE does not have prior UL transmissions for the gNB to track the channel through TPC commands, it is unclear how a BLER of ~10-5 or less can be achieved for a CSI report without configuring the UE to always transmit PUCCH with maximum power.
c) CSI report triggering by a DL assignment is already possible through a MAC CE in a respective PDSCH (SP-CSI).  
d) Specification and implementation impacts may be significant. First, the A-CSI report cannot be multiplexed with HARQ-ACK as that would result to dependence on PDCCH reception for Type-1 codebook (not possible for the purpose of Type-1) and to payload ambiguities for Type-2 codebook. Assuming a design that is independent of a HARQ-ACK codebook type, additional overhead may be needed to indicate a PUCCH resource (unless configured by RRC regardless of the contents of the CSI report) and possibly a PUCCH transmission slot (TPC command in DCI format may be same as for PUCCH with HARQ-ACK). That would further negate any potential overhead savings over using an UL grant given that A-CSI will not be constantly triggered. Moreover, a UE will need to resolve additional overlapping and multiplexing of different UCI types and new timeline conditions will need to be checked.
e) Maximum possible benefit of CSI triggering by a DL assignment is an occasional avoidance of a MAC CE or of an UL grant (only when the UE needs to reports CSI and only when the UE does not have data to transmit).
f) There is no performance benefit over Rel-16 mechanisms as is subsequently discussed.

The following results consider the first from the three cases captured in RAN1#102-e from [2], i.e. the “Rel-15 enabled use case (e.g. AR/VR) with 99.999 reliability, 4 msec latency, and FTP model 3 100 p/sec”. The simulation assumptions are as in A.2.4 of [1]. It is noted that the second of the three cases from [2] is actually applicable for the Rel-17 URLLC WI and has periodic traffic (and the same holds for XR). Then, A-CSI triggering by a DL assignment is not relevant and a periodic CSI report or a CSI report triggered by GC-DCI is applicable. Ideal CSI measurement and reporting are assumed and the following three alternatives are considered for evaluation. 
a) Link adaptation based on periodic CSI  
b) Link adaptation for a first PDSCH transmission based on RSRP and link adaptation for subsequent transmissions is based on CSI triggered by a MAC CE provided by the first PDSCH reception
c) Link adaptation for a first PDSCH transmission based on RSRP and link adaptation for subsequent PDSCH transmissions based on CSI triggered by the DCI format scheduling PDSCH transmission (in the simulations, there was always CSI triggering/reporting, regardless of ACK or NACK for a previous PDSCH transmission).

Table 1: Percentage of UEs with 99.999% reliability and 4 msec latency for packets of 200 bytes and FTP model 3.
	Rel-15 enabled use case with urban macro, 99.999% reliability, 4 msec latency (200 bytes), 
FTP model 3, 10 UEs, 4 GHz, 30 kHz SCS, 3 Kmph, FDD, 4Tx/4Rx gNB/UE, actual channel estimation

	
	
	Percentage of UEs
	Comment

	Case1
	P-CSI 
	78.1%
	Does not require correct PDCCH detection,
Can benefit all transmissions (including initial one) inflexible UL overhead  

	Case 2
	SP-CSI by MAC CE
	90.2%
	Requires one correct PDCCH detection, 
no impact on PDCCH BLER, 
somewhat inflexible UL overhead  

	Case 3
	A-CSI by DCI
	84.6%

	Requires each PDCCH detection to be correct, degraded PDCCH BLER, 
flexible UL overhead (although every DCI triggers CSI in simulations) 



Comments on the results for CSI reporting:
a) The underperformance of the CSI report triggered by a DCI format is because link adaptation is based on a CSI report triggered by a last DCI format. For 100 p/s and FTP model 3, packet interarrival time is random and is occasionally too short for successive CSI reports to be beneficial or too long for the last CSI report to be accurate for link adaptation. Therefore, even though UL overhead for CSI reports was same in the simulations, SP-CSI reports provide the best performance as they can sample the channel at regular intervals. 
b) NZP CSI-RS for obtaining CSI reports was assumed to be immediately available for DCI-triggered CSI reports. In practice, this is not feasible for a network particularly as different UEs are typically scheduled in different slots.
c) The simulation assumptions were somewhat optimistic for DCI-triggered CSI report with respect to UE speed (low), number of packets per second (relatively large for the target BLER), and packet size (relatively large for target BLER). 
d) For TDD systems, P-CSI coupled with triggered SRS is expected to outperform DCI-triggered CSI because SRS can provide optimal (unquantized and without errors) PMI [2].

Observation 1: URLLC with FTP type traffic benefits from having regular, instead of random, CSI reports in time.  
  
Observation 2: A-CSI triggering by MAC CE is supported in Rel-16 based on DL assignments.  

Observation 3: A-CSI triggering by a DL assignment does not provide any performance or overhead benefit over Rel-16 mechanisms while requiring substantial specification support.  

Observation 4: Factory automation scenarios (the purpose of the Rel-17 WI on IIoT) and XR have periodic traffic and a periodic CSI report, a SP-CSI report, or a CSI report triggered by a GC-DCI is applicable.

In general, regardless of any scheme proposed for possible enhancement in the DL, it should also be realized that performance is limited on the UL (outage is larger in the UL). The reasons are intrinsically same as for coverage being UL limited and corresponding enhancements in Rel-17 targeting UL channels.  

Finally, A-CSI triggering methods are not in scope of the Rel-17 WI (“CSI feedback enhancements to allow for more accurate MCS selection [RAN1]” [3]), as they do not relate to improving MCS selection. 

Observation 5: A-CSI triggering by DL assignment does not relate to enabling more accurate MCS selection and is not in scope of the Rel-17 WI. 

Proposal 1: A-CSI report triggering by a DCI format scheduling a PDSCH reception is not further considered.


Considering that IIoT traffic is periodic (and same models are applicable for XR) and transmissions to several UEs can exist at about the same time, use of a GC-DCI format to trigger an A-CSI report (if new CSI report triggering methods are allowed in this WI) is meaningful because it is impossible to configured by RRC all possible periodicities for P/SP-CSI reports according to the traffic periodicity. A GC-DCI format can also allow for link adaptation of the initial PDSCH transmission that is the critical issue in URLLC (and enables a more accurate corresponding MCS selection). Further, a constant additional overhead for unicast DCI formats does not exist and specification impact is trivial as it can directly follow from A-SRS triggering by a GC-DCI format.

Proposal 2: If an enhancement to CSI report triggering is to be considered in the WI, it should be limited only to using a GC-DCI format as for SRS triggering.


SRS can be highly beneficial for improving both DL (at least in TDD) and UL performance in general and especially for FR2. Enhancements are considered under the MIMO WI in Rel-17 and appear sufficient also for URLLC.

Observation 6: Unless URLLC-specific enhancements for SRS transmissions that are not considered in Rel-17 MIMO are identified, SRS enhancements do not need to be further considered for URLLC.  
  

B. New reported metrics
Several proposals ranging over a wide variety of reported metrics were discussed in RAN1#102-e and are outlined below. 

Report long term/statistical interference to cope with unpredictable interference 
It is not clear how interference statistics can cope with short-term interference variations. Also, it is not clear what additional information a gNB can obtain over RSRP/RSRQ/RSSI/SINR reports from Rel-16 and, if any, how such information can result to more robust performance. Further, gains over typical CSI reports based on which a gNB can potentially choose a corresponding link adaptation, or a more conservative link adaptation, are also unclear.

Multiple CSI reports with different contents to account for different update requirements of different CSI components
It was proposed to have one CSI report with only CQI and another CSI report with CQI/RI/PMI. However, it is not clear what additional mechanism is needed as a Rel-16 UE can be configured multiple CSI reports with different corresponding parameters (periodicity, contents, …). For a triggered CSI report, the contents are also configurable.

In general, relying on feedback measurements to address short-term interference variations is inherently not possible (due to reporting and scheduling delays, short-term interference variations, …). A network already has available mechanisms to cope with short-term interference variations, for example through transmitter/receiver antenna diversity and transmissions that are spread over a large bandwidth (not necessarily contiguous).  

Observation 7: Rel-16 provides means to determine long-term interference, allows for multiple CSI reports with different contents, and for transmissions offering diversity to short-term interference.  

Additional proposals considered modifications to reported HARQ-ACK information.

NACK-based CSI (UE reports CSI whenever the UE reports NACK)
A benefit is unclear considering that NACK-based CSI would be a highly infrequent event. Also, after receiving a NACK, a gNB can schedule more conservatively, the retransmission would also benefit from HARQ combining, and there would be no material impact on spectral efficiency. 

Reporting soft-ACK values to improve outer-loop link adaptation
A motivation for a UE to report soft-ACK values is to facilitate outer loop link adaptation. This is because NACK would be highly infrequent in URLLC and relying on the ratio of NACK to ACK for outer loop link adaptation, as for eMBB, may not be feasible. Soft-ACK values provide an intermediate step between existing ACK (e.g. soft ACK value of 1) and NACK (e.g. soft ACK value of 0). The following need to be considered.
a) The metric(s) and the corresponding value(s) at which the UE switches from reporting ‘large’ soft ACK to reporting ‘small’ soft ACK. The value(s) will be dependent on UE implementations and it is not clear how such aspects can be captured in potential RAN4 tests or whether RAN1 specification support is needed.
b) The feasibility of outer-loop link adaptation as traffic is in short bursts (may also be based on eMBB, if present)
c) Impact on HARQ-ACK detection reliability/coverage as multi-state HARQ-ACK information will increase HARQ-ACK payload by at least 1.5x (e.g. 3-state HARQ-ACK vs. 2-state HARQ-ACK) or, in practice, by 2x where a TB decoding outcome would be represented by 2 bits instead of 1 bit.

Proposal 3: Whether/how to support outer-loop link adaptation for URLLC using soft HARQ-ACK values can be further considered subject to confirming applicability and resolving associated drawbacks.


Report CSI for M-worst sub-bands in addition to wideband CSI
Rel-16 allows CSI reporting for M-best sub-bands in addition to wideband CSI (remaining sub-bands are “worst” ones). Moreover, CSI for the M-best sub-bands is also provided which can be used for scheduling. This has been shown to be optimal since LTE (e.g. allows for ‘water-filling’ based scheduling). There is no reason to change sub-band CSI reporting. 

Observation 8: Rel-16 wideband CSI with M-best sub-band CSI reporting allows for optimal scheduling.  


Association of MCS Tables to priority indicator value 
In Rel-16, there is a 1-to-1 link between a DCI format and an MCS table regardless of the priority indicator value. That is not the case for HARQ-ACK reporting where the priority indicator value can link to one of two PUCCH-Config. For example, if DCI format 1_2 is used to schedule ‘eMBB’/priority 0 PDSCH and ‘URLLC’/priority 1 PDSCH (it is understood that the HARQ-ACK, not the PDSCH, has the priority in Rel-16), there is only one MCS table that can be used and it is not possible to indicate MCS for different target BLERs. Accurate MCS selection is therefore not always possible and either ‘eMBB’ or ‘URLLC’ is compromised. As for PUCCH-Config, a different priority indicator value should link to a different MCS table. 

Proposal 4: Enable use of different MCS tables for PDSCH receptions corresponding to different priority values of a DCI format.


C. Reduced CSI computation time
Rel-16 allows for two CSI computation times. A first CSI computation time is the shortest possible and corresponds to only wideband CSI reporting under additional specific conditions [4]; otherwise, a second CSI computation time applies. 

Proposals for reduction of the CSI computation time have been linked to/motivated by sub-proposals for triggering CSI reports by DL assignments (in order for a UE to report both HARQ-ACK and CSI in a same PUCCH) or by assumptions that Rel-17 UEs will somehow have enhanced CSI processing/computation capabilities compared to Rel-16 UEs. 

CSI computation time requirements for a UE are already tight and it should not be assumed that Rel-17 UE implementations will be able to support meaningful time reductions. Further, as previously discussed, even if CSI report triggering by a DL assignment were to be supported, multiplexing CSI with corresponding HARQ-ACK information in a same PUCCH would be problematic.

Observation 9: Reduction in CSI computation time under the Rel-16 framework should not be assumed as possible for Rel-17 UEs and a corresponding necessity has not been established.


D. CSI feedback for PDCCH
A reception reliability for a TB does not only depend on the BLER of the TB, it also depends on the BLER of the DCI format scheduling the TB. It is clearly pointless to improve MCS selection for a TB when there is no BLER reduction for a DCI format scheduling the TB reception (e.g. to improve the TB BLER from 10-3 to 10-5 when the DCI format BLER remains at 10-3). Further, for similar reasons as for PDSCH receptions, OLLA is not possible for PDCCH receptions in URLLC (and is generally not possible when DTX and NACK are represented by a same HARQ-ACK information bit).

There are several reasons why a CSI report for PDCCH cannot be derived from a CSI report for PDSCH:
a) Different coding schemes, BLER operating points, and dependence on UE implementation (also the case in LTE).
b) CSI reporting for the PDSCH may not provide any information for the PDCCH (e.g. a sub-band with reported CSI for the PDSCH may not include or may partially include a CORESET, and a CSI for the CORESET cannot be derived from a wideband CQI for the PDSCH).
c) Different TCI states for CORESET/PDCCH transmission and for PDSCH transmission. 

Accurate MCS selection is substantially simpler for a DCI format than for a TB because a CSI report for PDCCH transmissions needs to be only for:
a) a code rate (i.e. a CCE aggregation level, instead of an entry to a larger MCS table), and 
b) one (or possibly two) CORESET (instead of multiple sub-bands). 

For partially similar reasons, eMTC/NB-IoT support CSI reporting for PDCCH through indication of a CCE aggregation level or of a repetition level. Additional URLLC-specific reasons to support accurate MCS selection for PDCCH relate to the small target BLER for DCI formats and the need to reduce blocking and improve utilization for span-based PDCCH monitoring (reduced UE capability compared to slot-based PDCCH monitoring). It is noted that a same CSI-RS can be used by a UE to compute a PDCCH CSI report as to compute a PDSCH CSI report and there is no additional required UE computational complexity or CSI-RS overhead. 

Combined with the search space set switching that was introduced in Rel-16 and is further considered in Rel-17 for UE power savings, a CSI report for PDCCH can enable a gNB to select search space sets that maximize allocation of PDCCH candidates to CCE aggregation levels that are likely to be used, instead of semi-statically assigning PDCCH candidates to CCE aggregation levels by RRC and having only a few of them be usable at a given time.

Proposal 5: Support accurate MCS selection for PDCCH by providing a CSI report for a corresponding CORESET.


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

Proposal 1: A-CSI report triggering by a DCI format scheduling a PDSCH reception is not further considered.

Proposal 2: If an enhancement to CSI report triggering is to be considered in the WI, it should be limited only to using a GC-DCI format as for SRS triggering.

Proposal 3: Whether/how to support outer-loop link adaptation for URLLC using soft HARQ-ACK values can be further considered subject to confirming applicability and resolving associated drawbacks.

Proposal 4: Enable use of different MCS tables for PDSCH receptions corresponding to different priority values of a DCI format.

Proposal 5: Support accurate MCS selection for PDCCH by providing a CSI report for a corresponding CORESET.


In addition, the following is observed.

Observation 1: URLLC with FTP type traffic benefits from having regular, instead of random, CSI reports in time.  
  
Observation 2: A-CSI triggering by MAC CE is supported in Rel-16 based on DL assignments.  

Observation 3: A-CSI triggering by a DL assignment does not provide any performance or overhead benefit over Rel-16 mechanisms while requiring substantial specification support.  

Observation 4: Factory automation scenarios (the purpose of the Rel-17 WI on IIoT) and XR have periodic traffic and a periodic CSI report, a SP-CSI report, or a CSI report triggered by a GC-DCI is applicable.

Observation 5: A-CSI triggering by DL assignment does not relate to enabling more accurate MCS selection and is not in scope of the Rel-17 WI.  

Observation 6: Unless URLLC-specific enhancements for SRS transmissions that are not considered in Rel-17 MIMO are identified, SRS enhancements do not need to be further considered for URLLC.  

Observation 7: Rel-16 provides means to determine long-term interference, allows for multiple CSI reports with different contents, and for transmissions offering diversity to short-term interference.  

Observation 8: Rel-16 wideband CSI with M-best sub-band CSI reporting allows for optimal scheduling.  

Observation 9: Reduction in CSI computation time under the Rel-16 framework should not be assumed as possible for Rel-17 UEs and a corresponding necessity has not been established.



References:
[1] TR 38.824 v16.0.0, “Study on physical layer enhancements for NR ultra-reliable and low latency case (URLLC)”
[2] R1-1714281, “CSI acquisition for reciprocity based”, Ericsson
[3] RP-193233, “New WID on enhanced Industrial Internet of Things (IoT) and URLLC support”
[4] TS 38.214 v16.3.0, “NR; Physical layer procedures for data”




Appendix
Table 2 provides the system-level simulation assumptions for the results in Table 1. 

[bookmark: _Ref528927366]Table 2: System-level simulation assumptions for the results in Table 1
	Parameter
	Value

	Layout
	Single macro layer: Hex. Grid

	Channel model
	UMa in 38.901

	Inter-gNB distance (m)
	500

	Carrier frequency
	4 GHz

	SCS 
	30 kHz

	Bandwidth
	40 MHz

	gNB antenna configuration
	4Tx - (dH, dV) = (0.5, 0.8)λ

	gNB transmit power 
	46 dBm per 20 MHz

	gNB antenna height
	25 m

	gNB antenna element gain + connector loss
	8 dBi

	Total transmit power
	49 dBm

	Antenna configuration at UE
	4Rx - (dH, dV) = (0.5, 0.5)λ

	UE antenna height
	1.5 m

	UE antenna gain
	0 dBi

	UE receiver noise figure
	9 dB

	Handover margin (dB)
	0

	UE attachment
	Based on RSRP in TR 36.873

	Wrapping around method
	Geographical distance-based wrapping

	Polarized antenna model
	Model-2 in TR 36.873

	Number of UEs
	10

	UE speed (km/h)
	3
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