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1	Introduction
[bookmark: _Hlk525601705][bookmark: _Hlk525602213]The work item on enhanced Industrial Internet of Things (IIoT) and URLLC support initiated on RAN1#102-e, agenda item 8.3. The following agreements were made in RAN1#102-e related to CSI feedback enhancements as reflected in the Chairman’s notes from RAN1#102-e: 
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.

In this contribution, we further elaborate on the CSI enhancements that have been agreed to be further studied in RAN1#102-e, i.e. triggering methods for A-CSI, and new reporting quantities (Case 1 & Case 2) allowing more accurate MCS selection. We also present additional CSI enhancements not discussed in RAN1#102-e [1].
[bookmark: _Toc415085486][bookmark: _Toc503902285]2	Triggering and reporting of A-CSI on PUCCH
In NR Rel-16, aperiodic CSI reporting is supported on PUSCH with a triggering mechanism that is based on the CSI request field of UL DCI (e.g. DCI format 0_1, DCI format 0_2).  The UE derives the needed information to perform aperiodic CSI reporting from the received DCI and the triggered CSI-ReportConfig(s) that are associated with the indicated trigger state. This information includes, among others, the CSI reporting time offset, PUSCH resources for CSI reporting, CSI reporting quantities, frequency granularity and format or type of CSI reporting quantities, channel and interference measurement resources and report configuration type.
So far, only periodic and semi-persistent CSI reporting are supported on PUCCH. In this case, CSI-ReportConfig indicates both PUCCH-CSI-Resource and CSI-reportPeriodicityAndOffset which provide the needed indication for the reporting resources and the timing of CSI reports transmission. In order to enable aperiodic CSI reporting on PUCCH, a similar indication is needed, which may be provided solely in CSI-ReportConfig or derived based on both CSI-ReportConfig and the trigger for aperiodic CSI reporting.
In RAN1#102-e, several alternatives for triggering A-CSI on PUCCH were proposed, including, DL DCI, GC DCI or NACK-based (without DCI triggering). 
When choosing an appropriate triggering method for A-CSI on PUCCH, several challenges need to be considered.
First, in case of DL assignment DCI-based triggering, additional DCI fields may be needed as DL DCI formats do not contain an explicit field for CSI request.  This would further increase the DCI size to perform a functionality that may be seldomly used, given the low probability of a NACK for initial PDSCH transmission. It may be considered to use existing fields in DL DCI to perform CSI reporting triggering. However, a direct consequence of this would be limiting the flexibility in eventual trigger state selection and/or existing functionalities of DL DCI. Second (GC-DCI based trigger), the different traffic patterns and arrival time among users limits the practicality of using group-common DCI as a triggering method. Indeed, this approach increases DCI decoding strain on the UE (blind decoding requirements), knowing that a trigger of A-CSI on PUCCH will be rarely received given the low PDSCH NACK probability. Finally, relying solely on NACK to trigger A-CSI reduces the network control over the CSI reporting procedure. NACK-based triggering only does not provide the means to dynamically indicate reporting time offset and PUCCH resources for CSI reporting which may be required to be semi-statically configured in this case, or provided in the DL assignment of the initial transmission (which, again, results in unnecessary DL overhead most of the time). One may say that there is benefit in coupling it with a mechanism that provides control to the gNB in order to avoid unnecessary CSI reporting, e.g. new means to activate/deactivate NACK-based triggering. However, a higher DL overhead is expected as mentioned before as the gNB have to transmit frequent CSI-RS such that the UE could measure when there is a failure of decoding PDSCH.   In each of the above-mentioned alternatives, further details are needed in order to clarify how to trigger A-CSI on PUCCH as well as how to indicate trigger states, reporting time offset and PUCCH resource for CSI reporting, if different from PUCCH for HARQ-ACK. Given the respective limitations of each of the considered triggering methods for A-CSI on PUCCH, the impact on the configuration of CSI reporting may differ substantially. Additional MAC CE signaling may also be expected. 
Observation 1: Triggering A-CSI on PUCCH may increase downlink control overhead due to the potential need of indicating the PUCCH resource for CSI, trigger state, timing information for reporting, and others.
Observation 2: A-CSI triggering may have impact on RRC and MAC specifications in terms of CSI reporting configuration and MAC CE signaling for trigger state selection, respectively.
Proposal 1: If A-CSI on PUCCH is considered further in Rel-17, RAN1 shall first investigate the different triggering methods of A-CSI considering the specification impact vs benefits of each method.
Additionally, as A-CSI on PUCCH is targeting more accurate MCS selection in the particular framework of URLLC use cases, SINR and/or interference characterization received considerable support in RAN1#102-e [2], [3]. This is mainly due to the fact that the interference is highly fluctuating as discussed for example in Section 3 and thus a single interference measurement or realization is generally not sufficient to characterize the UE’s interference conditions. As the channel is slow-varying (at least for slow UE speeds which is the case in a typical IIoT scenario), any mismatch between the optimal and the selected MCS for a given transmission is caused, most likely, by interference variation. 
New CSI quantities that characterize interference statistics (further discussed in section 3), e.g. SINR mean and standard deviation, can then be particularly useful in this framework as they enable the gNB to improve its link adaptation based on reliable information on the dynamic range of interference.  While interference measurements are already supported in NR CSI framework, they are typically performed jointly with channel measurements, and reportQuantity in CSI-ReportConfig does not support  CSI-quantities for interference reporting only.
Interference measurements flexibility and the trade-off between reporting overhead, interference measurement resources overhead and interference characterization accuracy may be considered as major concerns in the framework of the targeted enhancements. CSI reporting configuration may need amendments in order to support the considered new CSI quantities. 
Proposal 2: RAN1 to consider enhancements for configuring interference measurements and measurement resources, in CSI reporting configuration, to allow more accurate interference characterization.  

3	CSI Reporting Enhancements for more accurate link adaptation
One challenge for accurate link adaptation (and scheduling) of small payloads with URLLC constraints relates to radio channel and interference variations. Given that URLLC/IIoT payloads are generally quite small, they are often scheduled over fewer PRBs than available within the total carrier bandwidth, offering little frequency domain averaging if localized resource allocation is used, while some frequency diversity can be achieved with distributed resource allocation. In addition, the UEs experienced SINR is also highly time-variant due to rapid load fluctuations of the neighboring cells. As an example, Figure 1 presents a time trace of the allocated PRBs of a cell serving a set of URLLC users (obtained from dynamic system-level simulations) with corresponding payload size of 200 Bytes. 
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[bookmark: _Ref46926715]Figure 1: Time trace of the downlink PRB allocation in one cell serving URLLC traffic. A color identifies one UE which is served in the downlink direction.
As can be seen from Figure 1, the PRB activity is a time-variant random process, which causes the experienced SINR at the different UEs also to be highly time-variant (due to variations of the experienced other-cell interference). This implies that if a UE measures the SINR on certain PRB (or set of PRBs) at a given time, it might be several dBs different shortly after (say from one TTI to another). 
In RAN1#102-e, various companies proposed to reduce the CSI computation time to, among others, improve the accuracy of the CSI report, see e.g. references [4, 5, 6]. However, our evaluations indicate virtually no difference/benefit of reducing the CSI reporting/processing timeline in terms of CSI/CQI accuracy. This is illustrated in Figure 2, showing the complementary cumulative distribution function (CCDF) of the latency experienced in the DL direction for two different settings of [CQI reporting periodicity, CQI processing delay] (where CQI processing delay corresponds to the time the UE performs the channel and interference measurement until the corresponding CQI quantity is available for the link adaptation of the DL transmissions). Although not shown, similar performance is also obtained when further reducing the CQI timeline to e.g. [0.5 ms, 0.5 ms], since the channel (especially interference) coherence time is extremely small. Similar observations were also raised by other companies, e.g. Intel in [7], in the RAN1#102-e meeting. 
Figure 2 also shows limited benefit of frequency-selective CQI as compared to wideband CQI reports. This is also due to the fast and random interference variations; for instance, a sub-band may experience low interference at the moment of the channel/interference measurement but may be subject of much higher inter-cell interference when the PDSCH is scheduled, due to sudden transmission from an interfering cell on the same PRBs (especially if there is no coordination across cells). 
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[bookmark: _Ref53488960]Figure 2: CCDF of the experienced downlink latency for sub-band and wideband (WB) CQI reporting formats and two settings of [CQI reporting periodicity, CQI processing delay].

Observation 3: The highly-variant channel quality due to the rapidly-varying cell activity represents a challenge for accurate URLLC link adaptation. Shorter CQI processing/reporting timeline does not provide any meaningful benefits since the channel (especially interference) coherence time is extremely small. Also,  frequency-selective CQI reports may have limited benefit over wideband CQI reports.
To deal with this challenge, new CSI metric/reports are needed to better guide the gNB scheduler to perform accurate link adaptation decisions in the presence of fast inter-cell interference fluctuations. Two potential enhancements are discussed and proposed in the following: i) Worst-M CQI reporting format and ii) reporting of SINR mean and standard deviation characteristics. Performance results for these enhancements are presented in Section 4. 
3.1 Worst-M CQI Reporting Format
For URLLC, it is beneficial that the CQI report includes information on the worst case SINR conditions experienced at a given time, i.e. the tail of the user channel quality distribution, as an indication of the worst-case interference. This can be achieved by introducing a new CQI reporting mode, where the UE shall report to the gNB: i) a wideband CQI value, that at maximum will result in a BLER of 10-X (X ∈ [1,5], as agreed for NR Rel-15) if the gNB schedule a payload with transmission parameters (modulation and coding scheme) according to the recently received CQI over the entire band; and ii) a CQI value that results in a maximum BLER of 10-X if transmitting only over the worst-M sub-bands.
The CQI value of the worst-M sub-bands could be signalled differentially relative to the respective wideband CQI. The proposed CQI reporting mode is similar to the Best-M reporting mode in LTE [3GPP TS 36.213]; however, this scheme applies the opposite criterion when sorting the channel quality measurements, and does not include information on the positions of the M-worst sub-bands due to the limited benefit of frequency-selective information as discussed in Section 3. Including wideband CQI information in the report provides large flexibility to the radio resource scheduler at the gNB; For instance, based on the allocated bandwidth, the gNB can select the MCS based on the wideband CQI (for wideband allocation), worst-M CQI (for some random narrow-band allocation), and e.g. interpolate between the reported CQI indexes for allocation sizes in between. 
The value of M can be higher-layer configured e.g. in line with the expected allocation size (#PRBs) of each URLLC payload versus the size of the sub-band. A simpler alternative consists of fixing the value of M in the specs (e.g. using different settings of M depending on the carrier bandwidth and/or the sub-band measurements bandwidth and/or subcarrier spacing). As an example for the presented proposals, a URLLC UE could be configured to e.g. monitor the channel quality over a total bandwidth of 20MHz with a sub-band resolution of 4-PRBs (assuming 30kHz SCS), measuring on slot-resolution, and reporting the CQI value every 2 ms. 
Recall that the presented solution relies on a similar philosophy as used for LTE CQI reporting mode 2-0, where the UE also monitor the channel quality on multiple sub-bands, and reports only for the selected sub-bands that have the highest quality. However, for the considered URLLC use case, we suggest to have the reporting for the lowest measured channel quality, as this is what is most important for URLLC use case, given the challenging outage requirements for such traffic cases. 
Proposal 3: The UE can be configured to report the CQI associated with the worst-M sub-bands for the defined target BLER, in addition to the wideband CQI. The details on the definition of the value of M, sub-band sizes as well as the coding of the two reported CQI values are FFS.
3.2 Reporting of SINR distribution characteristics
In addition to the fast interference fluctuations described above, there are the following problems affecting the link adaptation accuracy for URLLC use cases:
· Fading profile also contributes to channel statistics (in addition to interference).
· PDSCH transport block size (TBS) and target BLER are generally different from the assumptions that were used in the UE’s CQI report.
Figure 3 illustrates the problem with existing CQI reporting. Assume that UE reports CQI index 7 (QPSK R=0.44 in Table 5.2.2.1-4 in TS 38.214 ) which is associated with TBS=1000bits and BLERtarget=1e-5. Based on the CQI index only, the gNB does not know if the CQI report was associated with the solid or the dashed green curve, or something in between. If gNB now needs to transmit a TB of 80bits using e.g. BLERtarget=1e-2, it is unable to accurately determine the correct MCS because the smaller TB performance can be nearly anything (red curves) depending on the channel fading profile. 
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[bookmark: _Ref54177040]Figure 3: Sensitivity of QPSK R=0.44 to TBS and channel fading profile.  
Summarizing, the problem is that TB error probability depends on several factors, the most significant ones being TBS, MCS and post-combined SINR-distribution. The SINR-distribution captures the impacts of interference as well as channel fading profile. Other factors (target BLER, remaining latency budget, TBS, MCS) are known or controlled by gNB,
Considering that gNB knows or controls all other factors except the SINR distribution, the logical conclusion is that UE should report SINR distribution variables (mean and standard deviation) to gNB. Then gNB can perform mapping according to Figure 4.  The mapping can be implemented for example using a look-up-table, which is computed offline.
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[bookmark: _Ref54177379]Figure 4: gNB’s usage of SINR distribution information to obtain an MCS decision which meets target BLER.
The benefits of the outlined approach are that gNB can perform more accurate MCS selection for any TBS, any channel conditions and any BLERtarget.  Another benefit is that the knowledge of the SINR distribution allows the gNB to take into account also those parts of the SINR distribution which were not explicitly sampled by the UE, as they are described by SINR mean and standard deviation.
In lights of these benefits, it is proposed that the UE computes and reports to the gNB the SINR distribution characteristics: mean and standard deviation.  The purpose is to estimate the characteristics when interference is present.  Procedure to obtain the SINR distribution characteristics are as follows.


1) [bookmark: _Hlk54296685]Obtain frequency-domain SINR samples by the CSI-RS measurement. 
· If there is no configured csi-IM-ResourcesForInterference or nzp-CSI-RS-ResourcesForInterference (associated to CSI-ReportConfig) then take Channel and interference samples from CMR (resourcesForChannelMeasurement). 
· If there is one or multiple CSI-IM (csi-IM-ResourcesForInterference) or NZP-CSI-RS for interference measurement (nzp-CSI-RS-ResourcesForInterference) associated with the same CSI reporting (CSI-ReportConfig), then take interference samples from csi-IM-ResourcesForInterference or nzp-CSI-RS-ResourcesForInterference measurements. The interference samples could be generated considering one or multiple time instances that CSI-IM or NZP-CSI-RS for interference measurement are sent (the same or different times). There may be an association between CMR and IMR resources or none.
· Select the interference samples considering worst-K, averaging, windowing over time, or randomly. In our observations, selecting worst-K samples from one time-instance seems more suitable to model the interference characteristics.  

· Generate SINR samples based on the selected interference samples. Here, consideration of post-processing is also considered where SINR samples could reflect post-processing SINR.  
2) Compute mean and std using the generated SINR samples. Here, a further selection of SINR samples or using SINR samples when generating SINR distribution or any other method could be used for computing the mean and SINR. 

3) Report the SINR mean and std in the CSI report (these are new quantities that reflect channel interference characteristics). 

The UE can report the quantities with a smaller overhead when log values are considered instead of actual values. Further quantization or indexing may be needed to reduce the feedback overhead.  NR CSI reporting methods can be easily applied without any changes on the reporting mechanism. 
This will allow gNB to perform accurate link adaptation for any block size, any target BLER and any channel conditions. The exact details of the reporting format are for further study.
Proposal 4: The UE can be configured to report the SINR mean and standard deviation of the estimated SINR distribution based on CSI-measurements.  
4	Performance Results of CSI Reporting Enhancements
In this section, system-level simulation results are presented to demonstrate the benefits of the following CSI enhancements: Worst-M CQI report, reporting of SINR mean and standard deviation, and reporting of PDSCH error probability for improving outer-loop link adaptation. We present results for both the Rel-15 enabled use case (AR/VR) and factory automation scenarios highlighted in the following agreement from RAN1#102-e:
	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






Table 1 below provides more detailed assumptions of the proposed CSI enhancement schemes, including reported values, CSI reporting and processing timeline, and the assumed implementation for the gNB scheduler. Wideband (WB) and sub-band CQI schemes are also included in the Table, as these are also simulated for the purposes of performance comparison. Note that for sub-band CQI scheme we consider a conservative link-adaptation implementation at the gNB side, consisting of selecting the MCS for the TB transmission based on the worst sub-bands as indicated in the CQI report. Performance with SB CQI and more-aggressive link adaptation schemes is not shown since the corresponding BLER can reach up to 10% in some of the cases, meaning that latency and reliability performance is generally very poor. Table 2 and Table 3 in Appendix A describes the simulation assumptions.
[bookmark: _Ref54075754]Table 1: Details on the modeling and assumptions for the studied CQI reporting schemes
	 
	Worst-M CQI 
	Reporting of SINR dist. characteristics
	Sub-band CQI (R16 baseline)
	Wideband CQI (R16 baseline)

	Reporting values
 
	UE reports one CQI value (4 bits) derived from the worst-2 sub-bands.
	UE reports estimated post-combined SINRmean and SINRstd. No quantization assumed in the simulation.
	UE reports one CQI per sub-band (4 PRBs). Cases with and without differential reporting are considered
	UE reports one CQI associated to the entire carrier bandwidth

	BLER target associated with CQI value
	10-5
	NA
	10-5
	10-5

	gNB BLER target for PDSCH 
	10-5
	10-5
	10-5
	10-5

	How to use the reported information at the gNB scheduler
	The gNB schedules the payload randomly using an MCS corresponding to the Worst-M CQI.
	gNB schedules the payload using knowledge of target BLER, TBS, and estimated SINR distribution information reported by the UE.  
gNB may implement e.g. a lookup-table-based mapping from these variables to the MCS that shall be used.
LUTs are assumed to be vendor specific and they can be computed offline.
	gNB schedules the payload randomly on the best sub-bands as indicated in the CQI report.
MCS is selected based on the worst 2 sub-bands as indicated in the CQI report
	gNB schedules the payload randomly on the available PRBs.
MCS is selected based on the reported WB CQI

	CSI reporting latency/timeline
	CSI is reported every 2 ms. 4 ms latency from the moment the UE performs the channel/interference measurement until the CSI is available at gNB for DL scheduling.
Only the latest available channel/ interference measurement is used to derive the CQI report.



4.1 Performance results with Factory Automation scenario
We focus on the case with 20 UEs/cell with synchronized/simultaneous for all the UEs in the network (denoted as “1 group” in the figures below). In this case, the traffic and interference is very bursty, and it is assumed that IMR resources for interference measurement are located in the first mini-slot scheduling the DL burst, and periodically reoccurring with the same periodicity as the DL traffic (2 ms). This ensures that the reported CQI values capture the typical inter-cell interference conditions that would be expected for the PDSCH reception (instead of e.g. being measured on empty mini-slots without any interference).
Figure 5 shows different performance metrics for the studied reporting schemes. The synchronized/simultaneous traffic arrivals introduce many challenges for the link adaptation since high PRB utilization (and interference) is experienced in the mini-slot subsequent to the DL burst arrival. The PRB utilization ratio on that mini-slot is generally between 60% to 100%, depending on the cell, resulting in significant frequency-domain variations of the experienced inter-cell interference. Looking at the percentage of UEs satisfying the latency and reliability requirement (Figure 5 - left), the proposed enhancements significantly outperform existing SB and WB schemes. The obtained gains and performance trends are explained in the following:
· With existing (differential) sub-band CQI scheme, it is not possible to indicate CQI offsets lower than 1 index with respect to the WB CQI, thus too-high MCS is sometimes used for the TB transmissions resulting in much higher 1st transmission BLER than the 1E-5 target (Figure 5 - center). 
· Obviously, the gNB could perform link adaptation assuming that sub-bands indicated with offset “<-1” could be in reality “-2”, “-3”, etc. but this would result in loss of spectral efficiency.
· Wideband CQI is also not a good scheme either, since TB allocations are generally much smaller than the total carrier bandwidth.
· In contrast, by reporting to the gNB a CQI derived from the Worst-2 sub-bands, a more appropriate (conservative) MCS is selected for the TB transmission (scheduled on randomly selected frequency resources), which allows to achieve  a 1st transmission BLER very close to the target 1E-5.
· Significant improvement is also obtained when reporting a 4-bit CQI (instead of 2-bit CQI) per sub-band, as the gNB has more information on the worst-case interference and can perform link adaptation accordingly.
· The performance is still slightly worse than Worst-M CQI. The reasoning behind is that, with SB CQI, the gNB schedules the payload prioritizing the best sub-bands as indicated in the CQI report, whereas fully-random allocations (as done for worst-M CQI) seem preferable in this scenario to randomize the interference and increase the frequency diversity. 
· Further BLER reduction, down to 1E-5, is achieved by reporting the SINR mean and standard deviation statistics, since the gNB has much more information on the UE’s channel resulting in more accurate MCS selection tailored specifically to small 32B payload size transmission. 
When looking at the PRB utilization in Figure 5 – right, it is also evident that the BLER performance improvements of worst-M, SINR-STD, and 4-bit SB CQI schemes do not necessarily come at the expense of larger PRB utilization or reduced spectral efficiency. When comparing these three schemes, SB CQI with 4 bit report is the least-preferred option due to larger CSI reporting overhead (e.g. almost two times larger compared to existing 2-bit differential reporting, and N times larger compared to Worst-M reporting, where N is the number of reporting sub-bands) does not translate into meaningful performance benefits. 
Observation 4: Simulation results for the Factory Automation Scenario show that the proposed Worst-M and reporting of UE’s SINR distribution quantities significantly outperform Rel-16 sub-band (SB) and wideband CQI schemes.
· Sub-band CQI reporting with 4-bit per sub-band provides improvement as compared to existing 2-bit sub-band table; however, it does not bring any additional gain compared to the proposed worst-M reporting scheme which has a much lower CSI reporting overhead. 
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[bookmark: _Ref54076809]Figure 5: Performance results for Factory automation. Left: the % of UEs satisfying the 1 ms and 99.9999% reliability requirements. Center: the 1st transmission block-error rate. Right: average PRB utilization in the network.
4.2 Performance results with Rel-15 enabled use case (AR/VR)
Figure 6 shows the latency and BLER statistics for the different reporting schemes. A 4 OS mini-slot is used which results in all UEs satisfying the 4 ms and 99.999% reliability requirement, thus we show instead the CCDF of the latency distribution of all the transmitted packets in the network. As also observed the factory automation scenario in Section 4.1, WB CQI does not provide the desired 1E-5 BLER target since the TB allocations are generally much smaller than the total carrier bandwidth. Remaining schemes bring the achieved BLER very close to 1E-5 level. It is worth highlighting that, despite being a partly coverage-limited scenario (due to low load, macro deployment, and presence of indoor UEs), worst-M performs almost as good as sub-band CQI, with much lower reporting overhead. Also, 4-bit SB CQI does not bring any gains in this scenario due to little interference resulting in very limited variations of the SINR across sub-bands.
Observation 5: For the Rel-15 enabled use case (AR/VR) with 100 packets/second per UE, the proposed Worst-M and reporting of UE’s SINR distribution quantities offer similar performance as the Rel-16 sub-band (SB) CQI scheme but with smaller CSI reporting overhead.
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[bookmark: _Ref54087883]Figure 6: Performance results for Rel-15 enabled use case (AR/VR). Left: the latency CCDF of all the transmitted packets in the network. Right: the 1st transmission block-error rate. 

5	Additional UE measurements to improve (outer-loop) link adaptation accuracy  
Usage of OLLA is a well-known technique, which helps link adaptation to meet the target BLER even when there are UE-specific performance differences and/or performance differences which originate from the channel conditions. While HARQ-ACK/NACK feedback has worked well with mobile broadband traffic, it is clear that it is not a feasible solution in URLLC use cases which have very low target BLER, and whose latency budget may additionally not allow any retransmissions.  When the target BLER is e.g. 1E-5 (or lower), it might take from minutes to days until there’s a single HARQ-NACK, which means that the radio environment and the channel conditions have changed several times before any HARQ-ACK/NACK based control loop can converge. This issue was also raised by other companies in RAN1#102-e, e.g. [4].
With this said, it is clear that a new solution is needed to support UE- and channel-specific performance variations.  Ideally the solution should be able to react before any transmission errors are materializing.
Observation 6: HARQ-ACK/NACK based OLLA is not a feasible solution in URLLC use cases which have very low target BLER.
It is assumed that the UE has the capability to estimate the error probability of a received transport block (TB). When UE sends HARQ-ACK/NACK information for a TB, it could at the same time additionally send feedback about the estimated TB error probability. That allows OLLA to react to the existing channel conditions before any transmission errors occur.
Proposal 5: In order to enable proper OLLA operation with very low BLER targets, UE shall report the estimated TB error probability (EP) to gNB in addition to the HARQ-ACK feedback. 
Example: Let’s assume a case with BLERtarget=1E-5 and UE receiving a TB correctly; however, the UE estimates that the error probability (EP) of the TB was 3E-4.  In this case it sends to gNB a positive HARQ-ACK feedback together with EP=3e-4.  Because the EP was above the intended BLER target, gNB may adjust OLLA towards more robust MCS selection. In other words: the former HARQ-ACK/NACK -based OLLA steering is replaced with error probability feedback, which the gNB can compare to the intended BLER target, and the outcome of the comparison is used to steer OLLA.
A practical form of feedback could be the absolute value of the BLEP exponent, which could be written as
	EPfeedback = round( -log10( EP ))															
We expect that 3 bits would cover the relevant range, since the estimation of very low error probabilities is likely to suffer from inaccuracies. E.g. EP range 10-7...100 could be covered with 3 bits. Estimation of EP at the receiver end is UE implementation specific and there are several possibilities how EP can be estimated. For example, in [10] it is shown that Mutual Information (MI) is only a function of the absolute value of the decoders a-posteriori LLRs. The mean MI can be mapped to block error probability (BLEP) e.g. by using a lookup table.  Other possibilities are to derive MI from SINR samples [8][9] and map that to BLEP, or to determine the error probability based on the number of corrected bits during the PDSCH decoding.
A similar solution to this issue was presented in [4], where it is proposed that the UE reports a “soft-ACK” indicating to the gNB whether a PDSCH was correctly received with “high” decoding margin or “low” decoding margin. It is unclear what would be the criteria that needs to be fulfilled for determining the decoding margin which makes it very difficult to adjust OLLA to steer the link performance towards a specific performance level.
System-level performance results with this enhancement can be found in our previous contribution in [3]. Additional results, taking into account the evaluation-assumptions agreements in RAN1#102-e, will be presented in next RAN1#104-e.
6	 CSI Reference Resource Reconfiguration
In Rel 16, the UE derives a CQI value corresponding to the highest CQI index for which “A single PDSCH transport block with a combination of modulation scheme, target code rate and transport block size corresponding to the CQI index, and occupying a group of downlink physical resource blocks termed the CSI reference resource, could be received with a transport block error probability not exceeding” 0.1 or 0.00001 depending on gNB configuration [TS 38.214, Sec. 5.2.2.1].
The CSI reference resource has a fixed duration in time of 14 OFDM symbols and associated to the CSI reporting (sub-)band in frequency (e.g. the whole channel bandwidth if configured with wideband CSI reports), thus the associated TB size varies according to the UE reported CQI (which varies according to UE’s channel conditions). Even if a 4 PRB reporting sub-band is configured, the associated TB size is generally much larger than what is required for IIoT applications: e.g. for a UE with a relatively good channel quality (e.g. CQI corresponding to 16 QAM 1/2 = 2 bits/RE), the TB size associated to the CQI report (assuming 3 symbols for PDCCH and DMRS overhead) is: 4[PRBs]*12[REs/PRB]*(14-3[symbols/PRB])*(2 [bits/RE]) = 1056 bits. This can be up to 8x larger than typical URLLC/IIoT payload sizes, and such discrepancy represents an issue affecting the MCS selection accuracy for URLLC. Today, the gNB generally applies some extrapolation of the UE reported CQI to compensate for the lower coding gain and reduced frequency diversity of the small payload transmission. As explained in Section 3,2, this extrapolation is prone to errors (which impacts packet error probability) mainly because the gNB is unaware of the UE channel characteristics (e.g. fading profile/SINR variance).
To address this issue, it can be further studied to allow the gNB to reconfigure the definition of the CSI reference resource to allow at least configurable duration (instead of being fixed to full slot of 14 symbols), e.g. short allocations of 2 or 4 symbols which are more appropriate for URLLC applications. This ensures that the TB size associated with the CQI report is closer to the actual TB size scheduled to the UE, thus improving the CQI report’s accuracy.
Proposal 6: RAN1 to further study mechanisms to allow the gNB to reconfigure the definition (e.g. time duration) of the CSI reference resource, such that the TB size associated to the CQI report is more aligned to the typical payload sizes of URLLC/IIoT applications.
7	Conclusions
In this contribution, we have discussed potential enhancements related to CSI feedback for URLLC/IIoT use cases, as summarized in the following proposals and observations: 
Observation 1: Triggering A-CSI on PUCCH may increase downlink control overhead due to the potential need of indicating the PUCCH resource for CSI, trigger state, timing information for reporting, and others.
Observation 2: A-CSI triggering may have impact on RRC and MAC specifications in terms of CSI reporting configuration and MAC CE signaling for trigger state selection, respectively.
Proposal 1: If A-CSI on PUCCH is considered further in Rel-17, RAN1 shall first investigate the different triggering methods of A-CSI considering the specification impact vs benefits of each method.
Proposal 2: RAN1 to consider enhancements for configuring interference measurements and measurement resources, in CSI reporting configuration, to allow more accurate interference characterization.
Observation 3: The highly-variant channel quality due to the rapidly-varying cell activity represents a challenge for accurate URLLC link adaptation. Shorter CQI processing/reporting timeline does not provide any meaningful benefits since the channel (especially interference) coherence time is extremely small. Also,  frequency-selective CQI reports may have limited benefit over wideband CQI reports.
Proposal 3: The UE can be configured to report the CQI associated with the worst-M sub-bands for the defined target BLER, in addition to the wideband CQI. The details on the definition of the value of M, sub-band sizes as well as the coding of the two reported CQI values are FFS.
Proposal 4: The UE can be configured to report the SINR mean and standard deviation of the estimated SINR distribution based on CSI-measurements.  
Observation 4: Simulation results for the Factory Automation Scenario show that the proposed Worst-M and reporting of UE’s SINR distribution quantities significantly outperform Rel-16 sub-band (SB) and wideband CQI schemes.
· Sub-band CQI reporting with 4-bit per sub-band provides improvement as compared to existing 2-bit sub-band table; however, it does not bring any additional gain compared to the proposed worst-M reporting scheme which has a much lower CSI reporting overhead. 
Observation 5: For the Rel-15 enabled use case (AR/VR) with 100 packets/second per UE, the proposed Worst-M and reporting of UE’s SINR distribution quantities offer similar performance as the Rel-16 sub-band (SB) CQI scheme but with smaller CSI reporting overhead.

Observation 6: HARQ-ACK/NACK based OLLA is not a feasible solution in URLLC use cases which have very low target BLER.
Proposal 5: In order to enable proper OLLA operation with very low BLER targets, UE shall report the estimated TB error probability (EP) to gNB in addition to the HARQ-ACK feedback. 
Proposal 6: RAN1 to further study mechanisms to allow the gNB to reconfigure the definition (e.g. time duration) of the CSI reference resource, such that the TB size associated to the CQI report is more aligned to the typical payload sizes of URLLC/IIoT applications.

Appendix A – System Level evaluation assumptions

[bookmark: _Ref54097554][bookmark: _Ref54097547]Table 2: System Level evaluation assumptions for Factory Automation scenario
	Parameter
	Value

	Network layout
	18 ceiling-mounted cells deployed as in Table 7.8-7 in TR 38.901. InF-DH channel model

	Carrier BW
	40 MHz @4 GHz; FDD duplexing

	Total tx power
	27 dBm

	BS Antenna config 
	4 Tx antenna ports; (M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2); 

	BS antenna height
	8 m

	BS antenna gain
	5 dBi

	UE antenna config 
	4 Rx antenna ports; (M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2) 

	UE antenna height 
	1.5m

	UE antenna gain 
	0dBi

	UE receiver noise figure 
	9 dB 

	UE Receiver
	MMSE-IRC; 

	Physical layer config
	30 kHz subcarrier spacing. 4 OS mini-slot (143 µs). 

	CSI
	CQI and PMI, reported every 2 ms; 4 ms processing delay. Sub-band size of 4 PRBs
CSI derived from a single channel and interference measurement (i.e. no time domain filtering).

	UE deployment
	Indoor UEs randomly and uniformly distributed over the area; 3 km/h semi-static mobility

	Traffic model
	Periodic traffic with 2 ms periodicity and 32 B payload size.

	TB Tx/Rx Processing times:
	According to UE Capability #2 [R1-1808449]

	Channel estimation
	Ideal

	Other assumptions
	No discarding of packets or UEs. 
25% relative overhead (DMRS, PDCCH, etc.)
Rank-1 transmissions




[bookmark: _Ref54097556][bookmark: _Ref54097549]Table 3: System Level evaluation assumptions for Rel-15 enabled use case (AR/VR) scenario
	Parameter
	Value

	Network layout
	3GPP Urban Macro (UMa) with 21 cells and 500 m inter-site distance

	Carrier bandwidth
	40 MHz @4 GHz; FDD duplexing

	Total transmit power
	49 dBm

	BS Antenna config 
	4 Tx antenna ports; (M, N, P, Mg, Ng; Mp, Np) = (8, 4, 2, 1, 1; 1, 2); 
dH = 0.5λ, dV = 0.8λ; 

	BS antenna height
	25 m

	BS antenna gain
	8 dBi

	UE antenna config 
	4 Rx antenna ports; (M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2)

	UE antenna height 
	1.5m

	UE antenna gain 
	0dBi

	UE receiver noise figure 
	9 dB 

	UE Receiver
	MMSE-IRC; 

	Physical layer config
	30 kHz subcarrier spacing. 4 OS mini-slot (143 µs). 

	CSI
	CQI and PMI, reported every 2 ms; 4 ms processing delay. Sub-band size of 4 PRBs
CSI derived from a single channel and interference measurement (i.e. no time domain filtering).

	UE deployment
	20% indoor and 80% outdoor randomly and uniformly distributed over the area; 3 km/h semi-static mobility

	Traffic model
	20 URLLC UEs per cell; FTP model 3 traffic with 200 Byte payload and arrival rate of 100 packets per second

	TB Tx/Rx Processing times:
	According to UE Capability #2 [R1-1808449]

	Channel estimation
	Ideal

	Other assumptions
	No discarding of packets or UEs. 
25% relative overhead (DMRS, PDCCH, etc.)
Rank-1 transmissions
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