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Rel-17 IIoT/URLLC working has been approved and scope was revised recently [6]. Among other objectives, the first objective says:
1. Study, identify and specify if needed, required Physical Layer feedback enhancements for meeting URLLC requirements covering:
a. UE feedback enhancements for HARQ-ACK [RAN1]
b. CSI feedback enhancements to allow for more accurate MCS selection [RAN1]
Note: DMRS-based CSI feedback is not in scope of this WI 

In this paper we discuss possible enhancements which could be done for objective 1b.
Discussion
Reduced CSI computation delay
A-CSI scheduling delay according to CSI computation delay requirement according to table below is only possible if following restrictions are fulfilled: 
·  of the table 5.4-1 if the CSI is triggered without a PUSCH with either transport block or HARQ-ACK or both when L = 0 CPUs are occupied (according to Clause 5.2.1.6) and the CSI to be transmitted is a single CSI and corresponds to wideband frequency-granularity where the CSI corresponds to at most 4 CSI-RS ports in a single resource without CRI report and where CodebookType is set to 'typeI-SinglePanel' or where reportQuantity is set to 'cri-RI-CQI'.
Table 5.4-1: CSI computation delay requirement 1
	

	Z1 [symbols]

	
	Z1
	Z'1

	0
	10
	8

	1
	13
	11

	2
	25
	21

	3
	43
	36



The values without prime determine the first symbol for the PUSCH that carries the CSI report after the end of last symbols of the PDCCH that triggered the CSI report while the values with prime determine the latest (in time) CSI measurement resources that can be used to determine the CSI report.
If when the restriction for CSI computation delay requirement 1 is not fulfilled, the CSI preparation takes longer time and is determined by CSI computation delay requirement 2 according to the table below:  
Table 5.4-2: CSI computation delay requirement 2
	

	Z1 [symbols]
	Z2 [symbols]
	Z3 [symbols]

	
	Z1
	Z'1
	Z2
	Z'2
	Z3
	Z'3

	0
	22
	16
	40
	37
	22
	X0

	1
	33
	30
	72
	69
	33
	X1

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

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



Even the values  according to CSI computation delay requirement 2 are associated with restrictions: 
·  of the table 5.4-2 if the CSI to be transmitted corresponds to wideband frequency-granularity where the CSI corresponds to at most 4 CSI-RS ports in a single resource without CRI report and where CodebookType is set to 'typeI-SinglePanel' or where reportQuantity is set to 'cri-RI-CQI', or
·  of the table 5.4-2 if the CSI to be transmitted corresponds to wideband frequency-granularity where the reportQuantity is set to 'ssb-Index-SINR', or reportQuantity is set to 'cri-SINR', or
For CSI including RI, PMI and CQI that does not fulfill above restrictions, it must obey the , which corresponds processing times of > 6 slots for 30 kHz, and > 11 slots for 120 kHz. Most of the time seems to be taken by CSI computation since the typical PUSCH preparation time (N2) is ~ a slot (for µ =1) or ~ 3 slots (for µ=3) for PUSCH timing capability 1. 
For URLLC it is desirable to relax the restrictions for shorter CSI computation delay to improve the accuracy in the CSI report. We agree that the CSI estimation burden on UE is challenging especially for sub-band CSI and/or when the pre-coder codebook is large (as it can be without rank and pre-coder subset restrictions for large number of CSI-RS ports). However, we think Rel-17 UEs should be more computationally capable so relaxation of Rel-16 restrictions should be possible especially if combined with CSI report configurations that reduce the CSI estimation burden for the UE.
[bookmark: _Toc47621566]Shorter CSI preparation time can help to get the most recent information about the channel and, thus, make MCS selection more accurate.
[bookmark: _Toc47621561]Study and specify methods to decrease CSI preparation time.

CSI for URLLC multi-TRP transmission schemes
Rel-16 supports several types of multi-TRP transmission schemes. For URLLC, the schemes that provide reliability gain are of most interest, especially on FR2 where beams are likely narrow and may be blocked. One such scheme is NC-JT (Non-coherent Joint Transmission) scheme where different MIMO layers are transmitted from different TRPs. Rel-16 also supports schemes where different time/frequency resources are allocated to different TRPs where one or more PDSCH is transmitted over different TRPs. In case of more than one PDSCH, reliability can be improved by that the PDSCHs are repeated  with same or different redundancy version. Multi-TRP transmission can be scheduled either single-PDCCH based or multi-PDCCH based, where both can be used to serve URLLC traffic.
Since signals transmitted from different TRPs can in general not be assumed to be Quasi Co-Located (QCL) with each other (Doppler shift/spread, average delay spread or average delay may be different), a transmission from a TRP is in NR associated with a TCI state. When a multi-TRP transmission is scheduled, the associated TCI states are indicated in the scheduling DCI(s).
In NR Rel-16, there is no CSI reporting scheme optimized for the multi-TRP transmission schemes for improved reliability. For example, a single PDCCH can schedule two PDSCHs from two TRPs using same or different redundancy version, i.e. same TBs are transmitted over the two TRPs, where the UE uses both PDSCHs in the decoding. However, there is no CSI reporting scheme where the CSI reflects this fact. The best gNB can do is to configure UE with two CSI report configurations with different TCI states associated with the two TRPs.  The gNB will then receive two CSIs each indicating a three-tuple (RI, PMI, CQI) and from those CSIs deduce a single rank, two pre-coders and a single MCS to be used for the PDSCH repetitions. This is by no means straight forward and the deduced  CSI can be inaccurate.  Thus, it is desirable to let the UE to report a CSI by taking the multi-TRP URLLC schemes (e.g., FDMSchemeA, FDMSchemeB, TDMSchemeA) being used for transmission into account. 
[bookmark: _Toc47621446][bookmark: _Toc47621523][bookmark: _Toc47621562][bookmark: _Toc47621563]Introduce joint CSI report for multi TRP URLLC schemes.
 New CSI reports
In NR, the reported CQI value can be with respect to one of three tables, ’table1’, ‘table2’ and ‘table3’. If ‘table1’  or ‘table2’ is configured, the UE reports a CQI value such that a PDSCH with modulation, target code rate and transport block size corresponding to the CQI value assigned on a so-called CSI reference resource could be received with a BLEP (Block-Error Probability) not exceeding 10%. For ‘table1’ the highest modulation is 64QAM while for ‘table2’ the highest modulation is 256QAM. For ‘table3’ the highest modulation is 64QAM but the BLEP shall not exceed . 
The CSI reporting can be configured with or without time-restriction for either or both of channel and interference measurement using the RRC parameters:
· timeRestrictionForChannelMeasurements
· timeRestrictionForInterferenceMeasurements   

If time-restriction for measurement is configured, the reported CSI shall be based on only the most recent measurement (Section 5.2.2.1 in 38.214, v16.2.0). In other words, if time-restriction is enabled, the reported CSI is a momentary evaluation how the channel and interference looked like at the time of channel measurement and the time of interference measurement. The time for measurement of channel may not be the same as the time of interference measurement. If, however, the time-restriction is not configured, the UE can report CSI based on more than one measurement, but precisely how, or even if, the UE obtains CSI based on several measurements is up to UE implementation.
Scheduler and link adapter in a gNB have the task to select a transport format consisting of allocation, number of layers, modulation and coding scheme for a PDSCH transmission based on reported CSI from the UE. For URLLC this can be a challenging task due to the high reliability requirements, especially if the transport format also should be spectral efficient. Since the PDSCH transmission occurs later than when the CSI was measured, the scheduler and link adapter have to predict the SINR (Signal-to-Noise-and-Interference Ratio) at transmission based on a “reported” SINR that can be determined from reported CSI. In a simple case, the predicted SINR equals the “reported” SINR. This may work quite well in cases when unsuccessful transmissions can be “saved” by HARQ re-transmissions (e.g. for eMBB). However, for URLLC the latency and reliability requirements put limits on the number of re-transmissions and probability of their success to cater packet delivery in time.  Due to the fact that channel is varying in time, the most difficult part is to guarantee probability of success, because gNB has to know probabilistic properties of a channel. As a consequence, the use of the “reported” SINR  as a prediction  of the SINR at the PDSCH transmission can lead to impossibility of requirements fulfillment. 
In order to demonstrate the problem, we obtain results shown in Figure 2.1 for one URLLC UE where link adapter uses . Simulation assumptions are collected in Appendix.
[image: ]
[bookmark: _Ref47531551]Figure 2.1: Left figure: CDF of difference between true and predicted PDSCH SINR. Right figure: Reported Wide-Band (WB) CSI (rank limited to 1). 

Here we intentionally picked a UE experiencing quite good radio conditions most of the time. As it can be seen from reported CQI distribution, ~60% of time UE reports the highest CQI value “15”. Since UE cannot report value higher than “15” but radio conditions can be extremely good, the plot on the left-hand side shows that 60% of receptions experienced 10db higher SINR compare to what had been reported. This high-end tail doesn’t introduce much inefficiency and likely has no impact on reliability because in those cases highest MCS can be used in a robust way.
However, the low-end tail is of greatest interest. The left figure shows that the SINR difference is negative for ~25% of the PDSCH transmissions which means that ~25% of the PDSCH transmissions could likely not be decoded correctly unless the link adapter added an SINR backoff on top of the predicted SINR. In order to reach high reliability when re-transmissions are not permitted by latency requirements, the link adapter has to apply ~20 dB backoff if the reported SINR is used for SINR prediction directly. This shows that there is a rather high uncertainty in how well the CQI value reflects the channel quality at time of transmission. The uncertainty depends on how old the CSI is, i.e. UE CSI computation delay, but also on un-predictable interference variations.
[bookmark: _Toc47621567]There may be a high degree of uncertainty how well reported CSI reflects channel quality at time of PDSCH transmission. 
Using a fixed backoff on the reported SINR as a prediction on the SINR at transmission time will not be spectral efficient. From right figure in Figure 2.2 the lowest CQI that is reported during simulation is CQI=5 and always adding a 20 dB backoff in link adaption will for sure not be spectral efficient. In case only single-transmission is possible within the latency budget, a more spectral efficient URLLC link adaption tries to find a transport format, e.g. MCS, such that estimated error probability , where  is the reliability requirement and   takes into account the probability distribution of CQI: 
.
From this formula it is clear that  depends on the CQI probabilities and if UE e.g. would just report lowest CQI value a spectral-efficient link adaptation is more difficult since gNB does not know how likely it is. 
In order to achieve this more spectral-efficient link adaptation the gNB needs knowledge about the CQI statistics. Currently, the only way for eNB to get this knowledge is by collecting several CSI reports over time, a method that both takes time and consumes UL resources. 
[bookmark: _Toc47621568]Spectral-efficient link adaptation need to take CSI statistics into account. 
[bookmark: _Toc47621569]In Rel-15/16, estimation of CSI statistics both takes time and consumes UL resources.
If gNB configures the UE without time-restriction on the channel and interference measurements the UE may report CSI filtered over several time instances. If link adapter assumes  CSI without time-restriction could lead to better results since un-certainties may be “filtered away”. But since it is UE-specific precisely how or if CSI is filtered the link adapter still needs to estimate remaining un-certainties in the CSI. Further, if re-transmissions are possible spectral-efficient link adaptation will benefit from choosing a more aggressive format. If UE filters CSI in an un-known manner it will be hard to judge how aggressive transport format could be used while still meeting latency and reliability requirements.

[bookmark: _Toc47621570]CSI without time-restriction is UE-specific and does not give gNB enough information to perform spectral-efficient link adaptation for URLLC.
Based on observations we propose: 
[bookmark: _Toc47621564]In Rel-17, study new CSI reports to increase gNB knowledge about un-certainty of reported channel quality.
To provide channel quality statistic, we are open to consider different solutions. For example, one of the simplest solution would be that in addition to regular CQI, UE can report CQI variance (standard deviation) in some form, i.e. variance value can be coded to 2-3 bits in accordance to pre-defined mapping table.
Statistical CSI may not only be beneficial for gNB since using current methods the UE need to be configured to report CSI more often in order for gNB to estimate uncertainty. Since UE need to evaluate all precoders in the codebook each time CSI is reported, the computation effort in UE may be larger than if CSI is reported more seldom but UE in between the reports evaluate and select rank and pre-coders once based on one CSI-RS and one CSI-IM measurement resource and then for a number of later CSI-IM measurement resources only need to determine CQI statistics conditioned the selected rank and pre-coder. Such a scheme is schematically illustrated in Figure 2.2.
[image: ]
[bookmark: _Ref47071338]Figure 2.2: Schematic illustration where statistical CSI is reported conditioned previously reported RI and PMI. 
In the Figure 2.2, Q denotes noise and interference covariance estimate from interference measurement while H is channel estimate from channel measurements.

[bookmark: _Toc47621571]Statistical CSI reporting with fixed rank and pre-coder can speed up CSI computational time.
Soft-ACK
To maintain a desired BLER, an outer loop link adaptation may be implemented by the gNB. A typical operation is to decrease a back-off with a certain value upon each ACK, and increase it with a larger amount after a NACK. Depending on the desired BLER, the ratios of the ACK and NACK adjustments can be varied. This works well in the MBB case with a typical BLER target of 10-1, but in a URLLC scenario with a target BLER of 10-5, there are almost no NACK events to act upon.
A way to make an outer-loop link adaptation work also for low BLER targets, is to make the outer loop act on events before they lead to a block error. This can be done by letting the ACK also include a measure of the decoding margin:
· ACK_high_margin:		PDSCH pass with high decoding margin
· ACK_low_margin:		PDSCH pass with low decoding margin
· NACK:				PDSCH fail

Compared to schemes that add additional information to the NACK, as a form of a soft-NACK, this soft-ACK conveys information for adjusting an outer loop without missing the first transmission attempt. Instead of operating on the NACK/ACK ratio, an outer loop could operate on the ratio (NACK + ACK_low_margin) / ACK_high_margin.
In order to let the ACK/NACK feedback fully utilize two bits, the three codepoints (ACK_high_margin, ACK_low_margin, NACK) could be extended into four, by adding one more ACK level (e.g. ACK_medium_margin), or by introducing also a soft-NACK: splitting the NACK into low and high amount of extra information needed, such as the MCS margin to achieve successful decoding.
How to generate the ACK and NACK bits may be according to UE implementation, and could e.g. be based on LDPC coder iterations, soft values, or comparing flipped bits before and after LDPC decoding. Since the actual implementations may vary, the behavior could be verified by RAN4 tests, e.g. such that the number of ACKs with high and low margin vary properly with varying SINR at a fixed MCS.
[bookmark: _Toc47621565]In Rel-17, study transmission of HARQ-ACK with bundled decoding margin. 
[bookmark: _GoBack]
Conclusion
In section 2, the following observations and proposals were made:

Observation 1	Shorter CSI preparation time can help to get the most recent information about the channel and, thus, make MCS selection more accurate.
Observation 2	There may be a high degree of uncertainty how well reported CSI reflects channel quality at time of PDSCH transmission.
Observation 3	Spectral-efficient link adaptation need to take CSI statistics into account.
Observation 4	In Rel-15/16, estimation of CSI statistics both takes time and consumes UL resources.
Observation 5	CSI without time-restriction is UE-specific and does not give gNB enough information to perform spectral-efficient link adaptation for URLLC.
Observation 6	Statistical CSI reporting with fixed rank and pre-coder can speed up CSI computational time.

Proposal 1	Study and specify methods to decrease CSI preparation time.
Proposal 2	Introduce joint CSI report for multi TRP operation.
Proposal 3	In Rel-17, study new CSI reports to increase gNB knowledge about un-certainty of reported channel quality.
Proposal 4	In Rel-17, study transmission of HARQ-ACK with bundled decoding margin.
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Appendix. Simulation assumptions
Table 1: System level simulation assumption
	Parameters
	Value

	Layout
	Single layer - Macro layer: Hex. Grid
3 sites with 3 sectors per site

	Inter-BS distance
	500m

	Carrier frequency
	4 GHz

	Channel model 
	UMa in TR 38.901

	UE Tx power
	23dBm

	BS antenna configurations
	4Tx/4Rx ports; (M, N, P, Mg, Ng; Mp, Np) = (8, 4, 2, 1, 1; 1, 2), dH = 0.5λ, dV = 0.8λ; 3 degrees electrical antenna tilt

	BS antenna height
	25m

	BS antenna element gain + connector loss
	8 dBi

	BS receiver noise figure
	5dB

	UE antenna configuration
	2 Tx/4 Rx antenna ports

	UE antenna height
	3m

	UE antenna gain
	0dBi 

	UE receiver noise figure
	9 dB

	Total transmit power per TRxP
	49 dBm 

	Simulation bandwidth 
	20 MHz DL and 20 MHz UL

	Duplex mode
	FDD

	SCS 
	30 kHz

	UE distribution
	eMBB: 2 UEs / cell (on average)
URLLC: 2 UEs / cell (on average)
100% of users are outdoors 

	UE speed
	3 km/h

	UE power control
	alpha = 0.8, target SINR = 20 dB

	HARQ/repetition
	Adaptive HARQ re-transmissions 

	Channel estimation
	Ideal

	Traffic 
	URLLC DL: Periodic, 200 packets/sec, TBS 162 bytes
URLLC UL: Periodic, 200 packets/sec, TBS 87 bytes
eMBB: FTP model, object size = 200 kbit, exponential reading time, min = 1.5 s, max = 5.0 s 
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