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1. [bookmark: _Ref490222521][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction
In RAN1#103 e-meeting, CSI enhancements are discussed and some agreements are achieved as following:
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
· [bookmark: _Hlk61723992]Scheme 1e: New reporting quantity with partial information update, e.g., CSI reporting with interference update only
In this contribution, we share our views on CSI feedback enhancements for URLLC.
2. CSI feedback enhancements
In Rel-16, NR supports different types of CSI reports, including periodic CSI (P-CSI), semi-persistent CSI (SP-CSI) and aperiodic CSI (A-CSI) reports. A-CSI report is triggered by the CSI request field on a DCI that triggers a CSI report(s) on PUSCH. Either wideband or sub-band frequency granularities reporting are supported for A-CSI report on PUSCH. A-CSI on PUSCH supports Type I, Type II and Enhanced Type II CSI. By triggering one or multiple CSI report states, gNB can acquire the up-to-date channel state and interference state. 
2.1. New CSI report triggering for A-CSI 
In Rel-16, A-CSI is only triggered on PUSCH by UL grant. In case of DL traffic heavy case, gNB needs to transmit a DCI carrying UL grant to trigger an A-CSI on PUSCH, which may result in unnecessary DL control overhead. To facilitate efficient PDSCH (re)transmission and/or save control overhead for DL traffic heavy use case, A-CSI triggered on PUCCH is proposed. 
A-CSI on PUCCH can be triggered by DL grant. The key question is how to determine the PUCCH resource for the triggered A-CSI. The PUCCH resource for HARQ-ACK is indicated by the DL grant. For the PUCCH resource for A-CSI, following alternatives can be considered.
· Alt.1: A-CSI and HARQ-ACK are multiplexed on the same PUCCH resource
· Alt.2: A-CSI is transmitted on a separated PUCCH resource from PUCCH for HARQ-ACK
For Alt.1, the existing UCI multiplexing rules can be reused. The PUCCH resource set needs to be determined by the payload of HARQ-ACK and CSI. It should be clarified whether the PUCCH resource set configuration for HARQ-ACK is reused for multiplexing CSI and HARQ-ACK. Besides, the timeline for PDSCH reception and CSI computation should be met simultaneously. In current spec, the CSI computation time is defined for different cases as provided in Table 1 and Table 2.  of the Table 1 is defined for the case where there is only CSI report without a PUSCH with either transport block or HARQ-ACK or both and L = 0 CPUs are occupied. In Table 2, ,  are defined for the cases other than that for Table 1. 
For URLLC service, PDSCH and PUSCH capability 2 processing time as in Table 3 and Table 4 are adopted to guarantee low latency. Compared to the PDSCH and PUSCH processing time capability 2, it can be observed the CSI computation time is much larger that PDSCH and PUSCH capability 2 processing time. In case of URLLC burst traffic, gNB can only rely on out-of-date CSI to schedule URLLC transmission due to the fact that a CSI report would need longer processing time than the preparation for the URLLC transmission. In this case, inaccurate CSI may lead to higher decoding failure probability at UE side. Therefore, the current CSI computation time is not beneficial for gNB obtaining CSI timely. On the other hand, if the conservative MCS is always selected due that gNB has no timely CSI, resource utilization efficiency would be decreased. Above all, the current CSI computation time is unfavorable for acquisition of up-to-date CSI information for URLLC service with low latency. Therefore, CSI computation time reduction is needed for URLLC in order for timely CSI acquisition, thereby enabling accurate MCS selection at gNB side.
[bookmark: _Hlk61863893]Observation1: CSI computation time defined in Rel-16 is much larger than PDSCH and PUSCH capability 2 processing time and is unfavorable for acquisition of accurate up-to-date CSI information. 

Table 1 CSI computation delay requirement 1
	

	Z1 [symbols]

	
	Z1
	Z'1

	0
	10
	8

	1
	13
	11

	2
	25
	21

	3
	43
	36


 Table 2: CSI computation delay requirement 2
	

	Z1 [symbols]
	Z2 [symbols]

	
	Z1
	Z'1
	Z2
	Z'2

	0
	22
	16
	40
	37

	1
	33
	30
	72
	69

	2
	44
	42
	141
	140

	3
	97
	85
	152
	140


Table 3 PDSCH processing time
	

	PDSCH decoding time N1 [symbols]

	
	PDSCH processing capability 2
	PDSCH processing capability 1

	0
	3
	8

	1
	4.5
	10

	2
	9 for frequency range 1
	17

	3
	-
	20


Table 4 PUSCH processing time
	

	PUSCH preparation time N2 [symbols]

	
	PUSCH processing capability 2
	PUSCH processing capability 1

	0
	5
	10

	1
	5.5
	12

	2
	11 for frequency range 1
	23

	3
	-
	36



For an initial PDSCH transmission, gNB may not have the accurate CSI information. Thus, an inappropriate MCS is selected at gNB and it is mostly likely to result in decoding failure for the initial transmission at UE. In such case, NACK would be reported by UE for the PDSCH transmission. However, gNB has no opportunity to obtain a timely CSI by triggering an A-CSI on PUSCH before scheduling a retransmission, due that CSI computation time is longer than the PDSCH processing timeline where there is no enough time for UE to report CSI before HARQ-ACK feedback, as shown in the examples in Fig. 1. In order to obtain a timely CSI for more reliable retransmission scheduling, A-CSI on PUCCH can be triggered by gNB. For example, A-CSI can be reported with HARQ-ACK of initial PDSCH transmission, which can provide the channel state information for gNB for retransmission. To facilitate the A-CSI triggered on a PUCCH, CSI computation time needs to be reduced to align with PDSCH processing time N1. 
[image: ]
Figure 1 CSI and HARQ-ACK processing time for 15kHz
 
[bookmark: _Hlk61426109][bookmark: _Hlk61863900]Proposal 1: For A-CSI triggered by DL grant where CSI and HARQ-ACK are multiplexed on the same PUCCH resource, CSI computation time needs to be reduced, e.g align with PDSCH processing time N1.
For Alt.2, separate PUCCH resource configurations are adopted between CSI and HARQ-ACK. It should be clarified which of the parameters of PUCCH resource configurations need to be configured for the PUCCH for CSI. In particular, it should be further discussed on the number of PUCCH resource sets for CSI report, whether/how to indicate the PUCCH resource for A-CSI, whether/how to determine the power for CSI report. In such case, the existing timeline for CSI computation can be reused due to the separate resource for CSI. However, there would be non-trivial specification impacts.
An alternative way to transmit the A-CSI is to trigger a A-CSI on a PUSCH by the DL grant. The PUSCH can be configured by RRC, e.g. similar to the Type 1 configured grant resource. In such case, the configuration of Type 1 CG can be reused.
[bookmark: _Hlk61863905]Proposal 2: For A-CSI triggered by DL grant where CSI and HARQ-ACK are transmitted on separate resource, A-CSI transmitted on a separate PUCCH resource or PUSCH resource can be considered.

2.2. CSI report based on case-1 new reporting  
The procedures for generating CSI report include CSI measurement, CSI computation and multiplexing CSI on the UL channel. 
[bookmark: _Hlk61724152]For the typical URLLC use case, UE mobility is low and channel state including the spatial characteristics does not change frequently. Therefore, it is not necessary to update the RI or PMI frequently. For CSI report instance, CQI update only can be applied and the latest RI/PMI based on the previous CSI measurement for RI/PMI can be assumed, as shown in Fig.2(a). CSI processing time can be reduced by simplifying the CSI measurement and computation processing.
Furthermore, there could be a case when channel part for CSI measurement varies slowly and sporadic interference becomes the main factor for the channel state change, due to the random inter-cell interference variation. From this perspective, frequent measurement and reporting for channel part are not required. UE can perform interference measurement only to obtain CQI while channel part and RI/PMI base on the latest report. This method is beneficial to capture the dynamic interference variance timely.
As shown in Figure 2 (b), DCI only triggers interference measurement RS, which is related to the latest relative CSI report configuration including both channel part measurement and interference measurement. CQI computation based on interference measurement RS and the latest channel measurement results assuming the same RI/PMI.   
[image: ]
Figure 2 (a) CQI based on both channel part and interference measurement, RI/PMI based on the latest report  
[bookmark: _GoBack]  [image: ]
Figure 2 (b) CQI acquisition based on interference measurement only

[bookmark: _Hlk61863916]Proposal 3: New reporting quantity with CQI update only is supported, where the latest RI/PMI based on the previous CSI measurement for RI/PMI can be assumed.
3. Performance evaluation
3.1. Simulation results 
In this section, the performances with existing CSI report mechanism and the above-mentioned new CSI report scheme are evaluated. In the simulation, the following cases are assumed.
· Scheme 1: Rel-15 CSI feedback mechanism with 10ms and 40ms feedback periodicities, respectively. For each CSI report instance, CQI with channel and interference measurement and RI/PMI are both updated simultaneously, as shown in Figure 3 (a).
· Scheme 2-0: for each CSI report instance with 40ms periodicity, RI, PMI and CQI are updated based on channel part measurement and interference measurement. Within 40ms, three CSI report instances with 10ms periodicity are configured. For CSI report with 10ms periodicity, only interference measurement is performed and channel part is not measured. CQI only report is applied and the latest channel part, RI and PMI are reused, as shown in Figure 3(b). 
· Scheme 2-1: this scheme is similar to scheme 2-0, for CSI report with 10ms periodicity, both channel part measurement and interference measurement are performed. CQI only is reported and the latest RI, PMI are reused, as shown in Figure 3(c). 
[image: ]
Figure 3(a) CSI report scheme 1
[image: ]
Figure 3(b) CSI report scheme 2-0
[image: ]
Figure 3(c) CSI report scheme 2-1
Table 5 UE capability and resource utilization  
	Schemes
	Percentage of UEs satisfying BLER reliability requirement
	Resource utilization

	Scheme 1(10ms)
	98.25%
	48.19%

	Scheme 1(40ms)
	67.22%
	77.45%

	Scheme 2-0
	70.87%
	56.34%

	Scheme 2-1
	89.13%
	52.43%



According to the simulation results listed in table 5, Scheme 1 has the best performance because the more accurate channel state acquisition and the shorter CSI report periodicity are beneficial for more accurate MCS selection at gNB side. However, the overhead and power consumption for CSI report for scheme 1 are larger than that for the other schemes. On the other hand, Scheme 2-1 can reduce the CSI computation and overhead compared to Scheme 1 with short periodicity, while the performance loss of Scheme 2-1 is limited. Compared to Scheme 2-0, Scheme 2-1 achieves better performance. It can be observed that both the instantaneous channel and interference variation influence the CQI accuracy. Scheme 1 with 40 ms report periodicity has the worst performance due to inaccurate CSI.  

[bookmark: _Hlk61426123][bookmark: _Hlk61863977]Observation 2: Scheme 1 of CSI report with full CQI/RI/PMI report and short periodicity can achieve the best performance among all schemes, while the overhead and power consumption for CSI report for scheme 1 are larger than that for the other schemes.
Observation 3: Compared to Scheme 1 with short periodicity, Scheme 2-1 can reduce the CSI computation and overhead while the performance loss of Scheme 2-1 is limited.
Observation 4: Scheme 2-1 achieves better performance compared to Scheme 2-0 because both the instantaneous channel and interference variation influence the CQI accuracy.

3.2. Observations for other CSI report schemes 
In the last meeting, some companies provide simulation results for case 1 and case 2 new reporting. Based on the simulation results from other companies, we have the following observations.
· Sub-band 4-bit CQI vs. worst M CQI vs. SINR statistics
Contribution [2] shows the performances of sub-band 4-bit CQI, SINR statistics and worst M CQI methods. According to Fig. 5, it can be observed that all schemes, e.g. sub-band 4-bit CQI, SINR statistics and worst-M CQI methods can achieve 100 percent UEs satisfying requirement. Worst-M CQI has the lower average PRB utilization compared to other two methods.  
· Full sub-band CQI reporting vs. Baseline/R16 and NACK-triggered CSI vs. Baseline/R16
Contribution [3] compares the performance of Full SB CQI reporting vs. Baseline/R16 and NACK-triggered CSI vs. Baseline/R16.
According to Fig.1, for PER <10^-4 condition, Full SB CQI reporting, e.g. Enhanced SB CSI, has the better performance compared to Baseline/R16 in the case of same target BLER for initial transmission and retransmissions. For different target BLER for initial transmission and retransmissions, NACK-triggered CSI and Baseline/R16 has the almost same performance.  
· Full CQI (Subband PMI and subband CQI) vs. slow soft ACK 
In contribution [4], the simulation of Full CQI vs. soft ACK schemes are performed. For Full CQI method, Subband PMI and subband CQI are reported, e.g. baseline scheme. It can be observed in the “Factory automation” scenario, all schemes including baseline scheme allow for 100% packet success rate. On the other hand, for the “R15 enabled use case”, all schemes provide the similar improvement in terms of packet failure, e.g. 99.985% vs. 100% packet success rate for Full CQI scheme and slow soft ACK scheme, respectively.
· SRS-based SNR estimation vs. PDSCH-based CSI feedback 
In contribution [5], the performances of conventional scheme and new scheme, i.e. PDSCH-based CSI feedback are evaluated. In conventional scheme, SRS with every 5 slot periodicity is used for SNR estimation. 
According to simulation results, for 20UEs, 60UEs and 100UEs cases, 100 percent UE can satisfy BLER reliability requirement for both methods. The new scheme can save percentage of resources compared to conventional scheme.

According to evaluation results from companies, the new reporting types e.g. Worst-M CQI, soft ACK and PDSCH-based CSI feedback and CQI/SINR statistics methods can only provide sub-optimal performance compared to the full sub-band CSI report with short reporting periodicity. Hence, no remarkable gain is observed for these new CSI report schemes.
The disadvantage of full sub-band CQI method is mainly signaling overhead of CSI report due to dense report instances and fine report granularity. To reduce the overhead and power consumption for CSI report, new reporting types can be considered.
However, for URLLC service, signaling overhead is not the essential issue because the latency and reliability requirements should be met. It should be clarified firstly whether Rel-17 CSI enhancement is targeted for overhead reduction. If overhead reduction is needed for URLLC CSI enhancement, in particular, how to reduce the CSI computation complexity and the overhead for CSI report based on the existing CSI measurement/reporting mechanisms should be prioritized. 
[bookmark: _Hlk61426141][bookmark: _Hlk61864013]Observation 5: The new reporting types e.g. Worst-M CQI, soft ACK and PDSCH-based CSI feedback and CQI/SINR statistics methods can only provide sub-optimal performance compared to the full sub-band CSI report with short reporting periodicity.
Observation 6: It should be clarified firstly whether Rel-17 CSI enhancement topic focuses on overhead reduction.
[bookmark: _Hlk61864003]Proposal 4: If overhead reduction is needed for URLLC CSI enhancement, how to reduce the CSI computation complexity and the overhead for CSI report based on the existing CSI measurement/reporting mechanisms should be prioritized.

4. Conclusion
In the contribution, we have some investigations on CSI feedback enhancement for URLLC/IIOT, and propose that,
Observation1: CSI computation time defined in Rel-16 is much larger than PDSCH and PUSCH capability 2 processing time and is unfavorable for acquisition of accurate up-to-date CSI information.
Observation 2: Scheme 1 of CSI report with full CQI/RI/PMI report and short periodicity can achieve the best performance among all schemes, while the overhead and power consumption for CSI report for scheme 1 are larger than that for the other schemes.
Observation 3: Compared to Scheme 1 with short periodicity, Scheme 2-1 can reduce the CSI computation and overhead while the performance loss of Scheme 2-1 is limited.
Observation 4: Scheme 2-1 achieves better performance compared to Scheme 2-0 because both the instantaneous channel and interference variation influence the CQI accuracy.
Observation 5: The new reporting types e.g. Worst-M CQI, soft ACK and PDSCH-based CSI feedback and CQI/SINR statistics methods can only provide sub-optimal performance compared to the full sub-band CSI report with short reporting periodicity.
Observation 6: It should be clarified firstly whether Rel-17 CSI enhancement topic focuses on overhead reduction.

Proposal 1: For A-CSI triggered by DL grant where CSI and HARQ-ACK are multiplexed on the same PUCCH resource, CSI computation time needs to be reduced, e.g align with PDSCH processing time N1.
Proposal 2: For A-CSI triggered by DL grant where CSI and HARQ-ACK are transmitted on separate resource, A-CSI transmitted on a separate PUCCH resource or PUSCH resource can be considered.
Proposal 3: New reporting quantity with CQI update only is supported, where the latest RI/PMI based on the previous CSI measurement for RI/PMI can be assumed.
Proposal 4: If overhead reduction is needed for URLLC CSI enhancement, how to reduce the CSI computation complexity and the overhead for CSI report based on the existing CSI measurement/reporting mechanisms should be prioritized.
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6. Annex
6.1. [bookmark: _Hlk54274303]Simulation assumption for Rel-15 enabled use case (e.g. AR/VR) use case in TR 38.824
	Parameters
	Value

	Layout
	Single layer - Macro layer: Hex. Grid, 21 cells

	Inter-BS distance
	500m

	Carrier frequency
	4 GHz

	Channel model 
	UMa in TR 38.901

	UE Tx power
	23dBm

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

	antenna tilt
	102o

	BS antenna height
	25m

	BS antenna element gain + connector loss
	8 dBi

	BS receiver noise figure
	5dB

	UE antenna configuration
	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);

	UE antenna height
	Follow the modelling of TR 38.901.

	UE antenna gain
	0dBi

	UE receiver noise figure
	9 dB

	Total transmit power per TRxP
	49 dBm 

	BS receiver
	MMSE-IRC

	Number of UEs per cell
	URLLC UEs:20
eMBB UEs: 5

	Simulation bandwidth 
	40 MHz 

	SCS 
	30 kHz

	UE distribution
	80% of users are outdoors and 20% of users are indoors
Use 3 km/h for modelling fading channel

	penetration loss
	low loss model

	Channel estimation
	Realistic

	Traffic mode (URLLC UE)
	FTP model 3 (100p/s)
Latency: 4ms (1.5Kbytes)

	Traffic mode (eMBB UE)
	FTP model 3
Packet size: 0.1Mbytes
mean inter-arrival time: 200ms

	Reliability
	99.999

	Max Rank
	1






3/3
oleObject1.bin

oleObject2.bin

image2.wmf
m


oleObject3.bin

image3.wmf
m


oleObject4.bin

image4.png
CS! + UL-SCH/HARQ timeline
—

HARQ-ACK t

P

| 2100s) | 2xd(1205)
“z(s0s) P zdeosT
slot slot

T:ua 0s)

Slot

=

—





image5.png
Triggering DCI

CSl report instance

0 Channel measurement RS

1 Interference measurement RS

the latest report Both CH part and

CSl report interference meas., I
RI/PMI based on
the latest report

PUCCH carrying CSl report




image6.png
Triggering DCI
E8 /\SI report instance

L'

/I\
\

\ I

The relative CSI
report

interference measurement
RS only. CH part and RI/PM
based the relative CSI report

Channel measurement RS
Interference measurement RS

PUCCH carrying CSl report




image7.png
Update RI, PMI
and CQI

eriodicr

ms

I CSlreport instance




image8.png
Report CQI only with updated

interference measurement.
Update RI, PMI The latest channel part, RI and
and CQI PMI are reused

Periodicity 2 =40ms

>

l CSl report with periodicity 1

I CSl report with periodicity 2





image9.png
Update RI, PMI Report CQI only. The latest
and CQI Rl and PMI are reused

Periodicity 2 =40ms

l CSl report with periodicity 1

I CSl report with periodicity 2




image1.wmf
m


