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Introduction
In 3GPP RAN1#90 [3], the following agreements on CSI reporting were agreed:
	Agreements:
· For short PUCCH:
· Only single-slot reporting, no multiplexing of CSI parameters of a report in multiple slots
· Down select one of the following alternatives in RAN1 NR-AH3: 
· Alt. 1: RI/CRI/PMI/CQI jointly encoded
· Alt. 1B: RI/CRI/PMI/CQI with padding bits prior to encoding (to ensure the same payload irrespective of RI)
· For long PUCCH:
· Only single-slot reporting, no multiplexing of CSI parameters of a report in multiple slots
· Down select one of the following alternatives in RAN1 NR-AH3: 
· Alt. 1: RI/CRI/PMI/CQI with padding bits prior to encoding (to ensure the same payload irrespective of RI)
· FFS if payload size depends on RI (or CRI, if present)
· Alt. 2: RI/CRI encoded separately from PMI/CQI
· Resource mapping/coding should consider payload size variation for different RI values
· For Type I: only single-slot reporting
· A CSI report is composed of up to 2 parts
· Part 1: RI/CRI, CQI for the 1st CW
· FFS: if only wideband CQI is used for the first part 
· Part 2: PMI, CQI for the 2nd CW (when RI>4)
· For Type II:
· A CSI report is composed of up to 2 or 3 parts (to be down selected in RAN1 NR-AH3)
· If 3 parts are supported, part 1: RI, CQI for the 1st CW; part 2: wideband amplitude information; part 3: PMI 
· FFS: if only wideband CQI is used for the first part
· If 2 parts are supported, details of parts are FFS
· Resource allocation for CSI reporting should take into account the payload difference between RI=1 and RI=2. Consider both single-slot and multi-slot reporting.
· Strive to maintain single-slot reporting principle (no multiplexing of CSI parameters of a report in multiple slots)
· FFS: For codebook based on BF CSI-RS
· FFS: Concurrent use of PUCCH and PUSCH reporting in different slots
· FFS: RE mapping and layer mapping of UCI symbols
· FFS: Reporting mechanism for the case where PUSCH and PUCCH collide in one slot

	
	Periodic CSI (P-CSI)
	Semi-persistent CSI (SP-CSI)
	Aperiodic CSI (A-CSI)

	Frequency granularity
	Wideband or partial band(+)
	Wideband, partial band, or subband 
	Wideband, partial band, or subband 

	Physical channel being used
	Short PUCCH or long PUCCH (*)
	Short PUCCH, long PUCCH, or PUSCH (*)(**)
	PUSCH (****)

	Codebook(s)
	Type I CSI
	Type I and II CSI (***)
	Type I and II CSI



(+) FFS: if partial band is a portion of a bandwidth part; wideband is an entire bandwidth part
(*) FFS: The conditions for using short PUCCH vs. long PUCCH
· To be concluded in RAN1 NR-AH3

(**) FFS: Potential down selection of the three options
(***) Type II CSI is only applicable for PUSCH (if supported)
· FFS: support for partial Type II CSI reporting for SP-CSI
(****) If Y=0 supported, A-CSI can also be reported over short PUCCH, e.g. for WB CQI for URLLC


In this contribution, we discuss CSI reporting considering various design aspects. 
Discussions on CSI reporting
1.1 Support of short PUCCH, long PUCCH and PUSCH for CSI reporting
In NR, two types of PUCCH transmission (short and long) are supported. While long PUCCH uses DFT-S OFDM with 1 or 2 OFDM symbols, short PUCCH uses CP-OFDM with more than 3 OFDM symbols. While long PUCCH provides large container (up to few hundreds of bits) and extended coverage by using repetitions and lower PAPR waveform, short PUCCH supports relatively smaller container (up to few tens of bits) than long PUCCH. Therefore,  the following limitation on Resource setting and CSI reporting setting is fitting:
· Only wideband and partial-band CSI reporting: Although the maximum payload for short PUCCH is still undecided, it is expected to be within the range of 20 to 25 bits (analogous to LTE PUCCH format 3). This fits well with wideband and partial-band CSI where only one set of CSI parameters (CRI/RI/PMI/RI) is reported for all the subbands within the configured CSI reporting band. That is, assuming the worst-case scenario of 2 CWs without the use of differential CQI and 4-bit CQI, the total payload of wideband/partial-band reporting is 3 (CRI: max K = 8) + 3 (RI: max # layers = 8) + PMI + 8 (2 CQIs) = (14+PMI) bits. For Type I CSI, the maximum PMI payload is ~16 bits (for MP codebook, see Appendix). However, sub-band reporting does not typically fit into short PUCCH as the payload is significantly higher than wideband/partial-band reporting. 
· Joint encoding of CRI/RI/PMI/CQI with constant payload in one slot – irrespective of RI: Due to its relatively smaller payload, PUCCH-based reporting will benefit from joint encoding of all the CSI parameters (CRI, RI, PMI, and CQI). In addition, keeping the payload constant (within a given slot) for a given  CSI framework configuration avoids blind decoding. As evident, CSI reporting payload can vary as RI/CRI varies. To keep the payload constant, two alternatives can be considered: 1) Employing codebook subsampling to ensure constant payload, whenever necessary; 2) Use of padding bits, whenever necessary. The first alternative is better optimized but may require significant work and specification support. The second alternative is simple in terms of specification yet inefficient. Considering both specification support and coding efficiency, different alternatives can be used for different cases as long as it does not result in significant amount of specification work.
· Limitation on # CSI-RS ports in Resource setting: Large number of CSI-RS ports requires high PMI reporting overhead due to narrower beamwidth. In order to reduce PMI overhead, applying antenna virtualization of TXRUs for short PUCCH can be one possible option for short based PUCCH reporting.
· Support of port selection codebook based on beamformed CSI-RS: When gNB has acquired prior channel information from UE (e.g. from aperiodic CSI report), UE-specific CSI-RS transmission (one analogous to Class B K=1 LTE) is a good alternative to reduce PUCCH reporting overhead. In this case, UE needs to report only RI, PMI based on beam selection codebook and CQIs.
· CRI reporting without PMI: Other possible option for short PUCCH would be CSI-RS resource selection based on multiple 1 port CSI-RS resources. Instead of PMI reporting which requires large PMI overhead, CRI reporting can provide robust information of channel quality. As well as CQI report, L1 RSRP can be considered when monitoring of large number of beam is required. 
For periodic CSI (P-CSI), the support of short and long PUCCH is agreed in 3GPP NR Ad-Hoc #2 [2]. In contrast to P-CSI, supporting more refined CSI report (e.g. subband CQI with multiple PMI) for semi-persistent CSI (S-CSI) is beneficial since S-CSI supports more flexible resource utilization via dynamic activation/deactivation. Since long PUCCH is able to carry more bits, subband reporting can be supported in addition to wideband and partial-band reporting. For wideband and partial-band reporting, there is no reason to deviate from the solution for short PUCCH. Therefore, a solution identical to that for short PUCCH is reused. For subband reporting, as RI is varied, the difference in payload (subband CQI and/or subband PMI) for different RI values is substantial. Therefore, imposing a constant payload constraint is undesirable. This leads to a design where RI/CRI is separately encoded from PMI/CQI. That is, the payload associated with PMI/CQI is allowed to vary. Here, RI can be decoded first to determine the payload of PMI/CQI.    
Regarding the use of PUSCH for S-CSI, note tthat for low mobility case, detailed CSI does not need to be reported frequently since it is mainly used when packet data transmission is anticipated. Moreover, PUSCH based CSI reporting usually requires large CSI-RS and resource overhead. Considering such aspects, on-demand reporting based on the demand of gNB is much more practical choice in the sense of performance and benefits such as DCI payload reduction from PUSCH based S-CSI is expected low. For high mobility case, detailed channel information does not provide any benefit since accuracy of CSI is very low due to CSI impairment. In that case, averaged information considering diversity based transmission is more beneficial. Considering such aspects, only long PUCCH should be supported to ensure relatively large container with high reliability. 
Based on the above discussion, proposals can be summarized as follows:
Proposals: 
· Only long PUCCH based CSI report shall be supported for semi-persistent CSI.
· For CSI reporting on long PUCCH:
· For wideband and partial-band reporting, use the same solution as short PUCCH
· For subband reporting, RI/CRI is separately encoded from PMI/CQI
· The payload of PMI/CQI within one slot varies and depends on RI
· Considering the payload size of short PUCCH, following limitation should be supported:
· Only wideband and partial-band CSI reporting
· Joint encoding of CRI/RI/PMI/CQI with constant payload in one slot – irrespective of RI
· Limitation on number of CSI-RS ports in Resource setting
· Support of port selection codebook based on beamformed CSI-RS
· CRI reporting without PMI.
1.2 Reporting format and multiplexing for PUSCH
Two open issues remain for PUSCH-based reporting in relation to Type II CSI (CSI reporting format and UCI multiplexing are completed for Type I CSI):
· Issue 1: The number of parts required for Type II CSI reporting on PUSCH 
· Issue 2: The difference in payload between RI=1 and RI=2 in relation to A-CSI reporting 
Issue 1 can be addressed by considering the payload variation of Type II CSI. In addition, it is desirable to avoid blind decoding. It is assumed that CRI is not supported for Type II.
· The payload of the first UCI part remains the same for different RI values, whereas the payload of the second UCI part can vary with RI. This first part, as described in [5], is composed of RI and CQI for the first CW  
· The (2L–1) wideband amplitude parameters (analogous to Rel.14 LTE RPI) also determine the CSI payload since any of these (2L–1) parameters can be zero. Since the payload of wideband amplitude information depends on RI, it can be included in the second UCI part. The rest of the PMI components can be included in the third part.
· The payload dependence can thus be described as follows: RI wideband amplitude  PMI. Here, wideband amplitude payload depends on RI whereas PMI (which includes subband PMI, if applicable, and co-phasing coefficients) payload depends on RI and wideband amplitude. If blind decoding is to be avoided, two-part UCI design is infeasible.    

Proposals: 
· For Type II A-CSI reported on PUSCH, UCI consists of three parts: 
· The payload of the first part (RI, CQI for the 1st CW) remains the same as RI varies 
· The payload of the second part (wideband amplitude information) depends on RI
· The payload of the third part (subband amplitude information if applicable, co-phasing coefficients) depends on RI and wideband amplitude information

The difference in payload between RI=1 and RI=2 is large for Type II CSI (see Appendix). Two solutions were identified in [5]: one-slot and two-slot solution.
· For one-slot solution, the value conveyed by the RA field (accompanied by MCS indication) for UCI transmission in the UL grant is left as a gNB implementation issue. For instance, the gNB can allocate a set of PRBs for the UE assuming the worst case of RI=2 or the most recent reported RI value. As far as the UE is concerned, the UE receives the RA and transmits the requested A-CSI using the PRBs indicated in the RA. As illustrated in Figure 1, in slot n, the UE receives the UL grant which includes a CSI request along with its RA and MCS. The UE reports the complete Type II CSI in slot n+X. The manner in which the gNB determines the RA is transparent to the UE.  
· For two-slot solution, the specification imposes a condition that the RA field (accompanied by MCS indication) for UCI transmission in the UL grant indicates PRB allocation only for RI=1 (in slot n – referring to Figure 1). If the reported RI in slot n+X turns out to be 1, the complete Type II CSI is reported in slot n+X. However, if the reported RI in slot n+X turns out to be 2, a part of the CSI pertaining to the 2nd layer is reported in slot n+X+1 while the remaining part in slot n+X.
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At a glance, the two-slot solution may seem more efficient since the total allocated resource (in slot n) is adapted based on the reported RI (in slot n+X). Upon a closer look, however, this advantage is non-existent for the following reasons:
· Resource usage: When RI=1 in slot n+X, the allocated resource for UCI transmission in slot n+X (indicated in the UL grant in slot n) can be less for the two-slot solution. However, since the gNB cannot foresee the reported RI value in slot n+X, the gNB must still anticipate the worst-case scenario, i.e. the UE reporting RI=2 along with the corresponding CSI. Therefore, the “saving” in resource (relative to one-slot solution) disappears since the gNB cannot allocate this resource for other purposes. Even if RI=1 is reported in slot n+X, the gNB cannot make use of this “saving” in slot n (or for that matter, any slot between n and n+X+Y where Y is the latency budget for the gNB to decode the reported RI in slot n+X). Therefore, the effective resource usage between one-slot and two-slot solution are more or less the same.   
· UCI multiplexing: Whether the two-part or three-part UCI multiplexing is adopted, it is unclear how to further partition the payload for the first and the second slot. Implicit in the two-slot solution is the use of the same RA for both slots. Yet there is no simple way to isolate the UCI of the second layer from that of the first layer while keeping the payload of the two approximately the same. Even if this can be done, this results in unnecessary complication in specification.         
· Inter-slot dependency: Introducing inter-slot dependency usually amounts to error propagation since the content of the second-slot UCI depends on the first-slot UCI. In LTE, one of the advantages of A-CSI over P-CSI is its “one-shot” transmission. For this reason, A-CSI is much simpler than P-CSI as P-CSI requires numerous dropping and priority rules – mainly caused by multi-subframe transmission. For NR, P-CSI is improved (as well as S-CSI) by adopting one-slot reporting format. It is only natural to keep the same format for A-CSI – especially since there is no perceived benefit from multi-slot reporting.

Proposals:  For Type II CSI, PUSCH-based reporting is performed over one slot.
· Resource allocation for UCI transmission is left to gNB implementation.
1.3 Support of CSI for diversity based transmission, partial PMI and partial band CSI
In order to achieve diversity gain with Spec. transparent transmission, transmission schemes such as small delay CDD and precoder cycling can be considered. For example, gradually changed phases across subcarriers or applying different precoder for each PRG may provide more diversity gain than applying identical precoder to all PRBs which are allocated to a UE. These schemes may also provide relatively easier interference estimation since transmission scheme 1 and 2 share same structure for data transmission. However, spec. transparent precoder cycling offers limited performance gain if CSI calculation based on precoder cycling is not supported. Especially, the achievable diversity gain is low when PRG size is relatively large. In this case, benefits of transparent diversity scheme can be decreased due to large size of precoding granularity and CSI mismatches. Moreover, it should be noted that subband size for PMI and CQI reporting may be large to avoid large reporting overhead. Considering such aspects, precoder cycling CQI should be supported. According to our evaluation results [4], additional CSI support showed up to 18% gain in 5% UPT. Considering such aspects, CSI which is optimized to diversity based transmission should be supported in NR. 
In addition, partial PMI reporting should be supported in NR. For low number of CSI-RS ports (e.g. 2, 4 and 8), approximate directional information may not be needed since only limited number of precoders are required to cover whole area. However, diversity transmission with all possible directions is not appropriate considering supportable number of precoders when UE supports large number of CSI-RS ports (e.g. 16 and 32). In order to narrow down the range of precoder cycling, support of partial PMI should be supported. 
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Figure 1 different service multiplexing in NR
In RAN1#90, support of partial band CSI was discussed. In NR, various cases for partial band transmission should be considered. For example, transmission resources for each service (e.g. eMBB and URLLC) can be different as shown in Figure 1. In this case, UE does not need to consider all bandwidth part for each CSI and can efficiently utilize its reporting overhead. Additionally, UEs which are configured with different sizes of bandwidth part can exist simultaneously. In order to support multi-user spatial multiplexing, UE may not need to consider whole bandwidth part, but can consider a part of bandwidth part which is overlapped between UEs.
Proposals: 
· NR supports following specification features for CSI
· CSI which is optimized to diversity based transmission
· Partial PMI reporting 
· Partial band CSI which is a portion of bandwidth part.
1.4 Signalling for CSI reporting
For signalling of CSI reporting, DCI and MAC CE have been discussed for a long time as candidates of dynamic activation/deactivation and triggering. The main difference between two options lies in the trade-off between decoding latency and error protection. That is, MAC CE provides better protection from error, however, the message incurs higher latency since it involves MAC layer. In contrast to MAC CE based activation and deactivation, DCI allows dynamic activation and deactivation with lowest latency, but may induce issues such as collision of UE reports when misdetection of activation or deactivation signalling occurs. Considering such benefits and drawbacks of DCI and MAC CE, multi-level signalling is proposed as shown in Figure 2. 
[image: ]
Figure 2 Exemplary operation of multi-level activation/deactivation for A-CSI and S-CSI
As illustrated in Figure 2, gNB can trigger or activate/deactivate UE’s reporting candidates via MAC CE. Based on the candidate activation/deactivation, UE can receive DCI based indication/activation/deactivation. Since relatively lower number of candidates can be activated by MAC CE, impact of misdetection can be minimized into limited resources. Moreover, resources for CSI reporting can be minimized since DCI signalling allows more dynamic activation and deactivation with minimum latency. In order to reduce DCI overhead, 1-bit DCI which enables UE to differentiate A-CSI trigger and S-CSI activation/deactivation can be supported. Based on such indication, one DCI field can be commonly used for A-CSI and S-CSI. 
In order to provide reliability to DCI based activation/deactivation of S-CSI, A-CSI for the confirmation of activation/deactivation can be supported. When A-CSI triggering and S-CSI activation/deactivation share one DCI field, resource allocation bits may not be useful for S-CSI activation/deactivation. However, if UE supports one shot A-CSI for confirmation of S-CSI when UE receives activation/deactivation signalling, gNB can realize the misdetection of activation/deactivation signalling. 
Proposals: 
· For the triggering of A-CSI and activation /deactivation of S-CSI, multi-level signalling should be supported.
· Common DCI field can be shared for triggering of A-CSI and activation/deactivation of S-CSI.
· When UE receives activation/deactivation signalling, A-CSI can be used to provide confirmation signalling of activation/deactivation.
Conclusions
In this contribution, issues on CSI reporting and UCI multiplexing are discussed and our proposals can be summarized as follows:
Proposals: 
· Only long PUCCH based CSI report shall be supported for semi-persistent CSI.
· For CSI reporting on long PUCCH:
· For wideband and partial-band reporting, use the same solution as short PUCCH
· For subband reporting, RI/CRI is separately encoded from PMI/CQI
· The payload of PMI/CQI within one slot varies and depends on RI
· Considering the payload size of short PUCCH, following limitation should be supported:
· Only wideband and partial-band CSI reporting
· Joint encoding of CRI/RI/PMI/CQI with constant payload in one slot – irrespective of RI
· Limitation on number of CSI-RS ports in Resource setting
· Support of port selection codebook based on beamformed CSI-RS
· CRI reporting without PMI.
· For Type II A-CSI reported on PUSCH, UCI consists of three parts: 
· The payload of the first part (RI, CQI for the 1st CW) remains the same as RI varies 
· The payload of the second part (wideband amplitude information) depends on RI
· The payload of the third part (subband amplitude information if applicable, co-phasing coefficients) depends on RI and wideband amplitude information
· For Type II CSI, PUSCH-based reporting is performed over one slot.
· Resource allocation for UCI transmission is left to gNB implementation.
· NR supports following specification features for CSI
· CSI which is optimized to diversity based transmission
· Partial PMI reporting 
· Partial band CSI which is a portion of bandwidth part.
· For the triggering of A-CSI and activation /deactivation of S-CSI, multi-level signalling should be supported.
· Common DCI field can be shared for triggering of A-CSI and activation/deactivation of S-CSI.
· When UE receives activation/deactivation signalling, A-CSI can be used to provide confirmation signalling of activation/deactivation.
Appendix: CSI payload
Type I, SB
i1 payload (WB/partial band)
	#ports
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	Rank 1
	Rank 2
	Rank 3-4
	Rank 5-6
	Rank 7-8

	
	
	Mode=1
	Mode=2
	Mode=1
	Mode=2
	
	
	

	2
	(1,1)
	-
	-
	-
	-
	-
	-
	-

	4
	(2,1)
	3
	2
	4
	3
	3
	-
	-

	8
	(2,2)
	6
	4
	8
	6
	8
	6
	6

	
	(4,1)
	4
	3
	6
	5
	6
	4
	3

	12
	(3,2)
	7
	5
	9
	7
	9
	7
	6

	
	(6,1)
	5
	4
	7
	6
	7
	5
	5

	16
	(4,2)
	7
	5
	9
	7
	8
	7
	6

	
	(8,1)
	5
	4
	7
	6
	6
	5
	5

	24
	(4,3)
	8
	6
	10
	8
	9
	8
	8

	
	(6,2)
	8
	6
	10
	8
	9
	8
	7

	
	(12,1)
	6
	5
	8
	7
	7
	6
	6

	32
	(4,4)
	8
	6
	10
	8
	9
	8
	8

	
	(8,2)
	8
	6
	10
	8
	9
	8
	7

	
	(16,1)
	6
	5
	8
	7
	7
	6
	6



i2 payload (SB)
	#ports
	Rank 1
	Rank 2
	Rank 3-4
	Rank 5-6
	Rank 7-8

	
	Mode=1
	Mode=2
	Mode=1
	Mode=2
	
	
	

	2
	2
	-
	1
	-
	-
	-
	-

	>2
	2
	4
	1
	3
	1
	1
	1



Type I, MP
i1 payload (WB/partial band)
	# ports
	

	

	Rank 1
	Rank 2
	Rank 3-4

	
	
	
	Mode=1
	Mode=2
	Mode=1
	Mode=2
	Mode=1
	Mode=2

	8
	(2,2,1)
	(4,1)
	5
	7
	6
	8
	5
	7

	16
	(2,4,1)
	(4,1)
	6
	8
	8
	10
	8
	10

	
	(4,2,1)
	(4,1)
	9
	-
	10
	-
	9
	-

	
	(2,2,2)
	(4,4)
	8
	10
	10
	12
	10
	12

	32
	(2,8,1)
	(4,1)
	7
	9
	9
	11
	9
	11

	
	(4,4,1)
	(4,1)
	10
	-
	12
	-
	12
	-

	
	(2,4,2)
	(4,4)
	9
	11
	11
	13
	11
	13

	
	(4,2,2)
	(4,4)
	12
	-
	14
	-
	14
	-



i2 payload (SB)
	#ports
	Rank 1
	Rank 2-4

	
	Mode=1
	Mode=2
	Mode=1
	Mode=2

	8,16,32
	2
	4
	1
	3



Type I, SB
i1 payload (WB/partial band)
	#ports
	[image: ]
	Rank 1
	Rank 2

	
	
	L=2
	L=3
	L=4
	L=2
	L=3
	L=4

	4
	(2,1)
	13
	-
	-
	24
	-
	-

	8
	(2,2)
	18
	24
	28
	29
	42
	52

	
	(4,1)
	16
	22
	26
	27
	40
	50

	12
	(3,2)
	15
	27
	32
	26
	45
	56

	
	(6,1)
	17
	25
	30
	28
	43
	54

	16
	(4,2)
	20
	28
	35
	31
	46
	59

	
	(8,1)
	18
	26
	33
	29
	44
	57

	24
	(4,3)
	22
	30
	37
	33
	48
	61

	
	(6,2)
	22
	30
	37
	33
	48
	61

	
	(12,1)
	20
	28
	35
	31
	46
	59

	32
	(4,4)
	22
	32
	39
	33
	50
	63

	
	(8,2)
	22
	32
	39
	33
	50
	63

	
	(16,1)
	20
	30
	37
	31
	48
	61



i2 payload (SB)
QPSK phase, WB only amp
	#ports
	Rank 1
	Rank 2

	
	L=2
	L=3
	L=4
	L=2
	L=3
	L=4

	4
	6
	-
	-
	12
	-
	-

	8,12,16,24,32
	6
	10
	14
	12
	20
	28


QPSK phase, WB+SB amp
	#ports
	Rank 1
	Rank 2

	
	L=2
	L=3
	L=4
	L=2
	L=3
	L=4

	4
	6
	-
	-
	12
	-
	-

	8,12,16,24,32
	6
	13
	19
	12
	26
	38


8-PSK phase, WB only amp
	#ports
	Rank 1
	Rank 2

	
	L=2
	L=3
	L=4
	L=2
	L=3
	L=4

	4
	9
	-
	-
	18
	-
	-

	8,12,16,24,32
	9
	15
	21
	18
	30
	42


8-PSK phase, WB+SB amp
	#ports
	Rank 1
	Rank 2

	
	L=2
	L=3
	L=4
	L=2
	L=3
	L=4

	4
	9
	-
	-
	18
	-
	-

	8,12,16,24,32
	9
	18
	26
	18
	36
	52
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