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1 Introduction

At the previous meeting [1], it is agreed that:

Agreements:
· R1-1715288 is agreed

· Note: the ordering of UCI bits is to be decided by channel coding session
· R1-1715288:

· 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 PUSCH:

· 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
· CSI reporting characteristics

[image: image1.png]Frequency granularity

Physical channel being
used

Codebook(s)

Periodic CS (P-CSI)

Wideband or partial
band(+)

Short PUCCH or long
PUCCH (*)

Type | CSI

Semi-persistent CS! (SP-
csi)

Wideband, partial band,
or subband

Short PUCCH, long
PUCCH, or PUSCH (*)(**)

Type | and Il CSI (***)

Aperiodic CSI (A-CS1)
Wideband, partial band,
or subband

PUSCH (****)

Type land Il 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 the remaining issues for CSI reporting on PUCCH and PUSCH. 
2 Payload size for Type I and II CSI
It has been agreed in previous meeting that two types of PUCCH transmission are supported in NR, including short duration PUCCH and long duration PUCCH. The UCI payload size of short PUCCH can be at least a few tens of bits, while that of long PUCCH can even be up to at least a few hundreds of bits. The codebook supported in NR includes Type I single panel codebook, Type I multi-panel codebook, Type II single panel codebook and codebook for beamformed CSI-RS. The typical CSI reporting parameters includes at least CRI (usually on wideband), RI (usually on wideband), CQI (wideband w/o differential subband) and PMI (wideband or/and subband). With the supported high UCI payload for PUCCH, both type I and type II with subband PMI feedback can be considered in PUCCH.

As in LTE, the payload size for CSI parameters except for PMI in NR can be summarized in Table I. 
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 and K means the number of configured CSI-RS resources. For CQI wideband reporting, 4 bits are used for only one codeword and additional 3 bits for the second codeword. For CQI subband reporting, 2 bits are employed for each codeword.
Table I Payload size CSI parameters reporting
	
	CRI
	RI
	CQI

	Wideband
	k
	3
	4 or 7

	Subband
	-
	-
	2


For the PMI reporting with Type I and Type II codebook, the payload size can be summarized in Table II~V and the configuration assumptions are listed as follows:

For type I,

· (N1, N2) = (4, 4), (O1, O2) = (4, 4)
· L=1/4 for rank1~2 and L =1 for rank 3~8

For type II, 

· (N1, N2) = (4, 4), (O1, O2) = (4, 4)
· Rotation bits: 
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· Z = 3 and beam selection is jointly signalled with 
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· Strongest coefficient reporting for each layer: 
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Table II Payload size for type I codebook with subband PMI reporting
	Type II
	L-beam selection
	Beam offset index
	Antenna group co-phasing
	Total

Wideband

payload
	Subband beam selection
	Subband co-phasing
	Total payload

(WB + 10 SBs)

	Rank 1
	L=1
	8
	-
	-
	8
	-
	2
	28

	
	L=4
	6
	-
	-
	6
	2
	2
	46

	Rank 2
	L=1
	8
	2
	-
	10
	-
	1
	20

	
	L=4
	6
	2
	-
	8
	2
	1
	38

	Rank 3
	7
	-
	2
	9
	-
	1
	19

	Rank 4
	7
	-
	2
	9
	-
	1
	19

	Rank 5
	8
	-
	-
	8
	-
	1
	18

	Rank 6
	8
	-
	-
	8
	-
	1
	18

	Rank 7
	8
	-
	-
	8
	-
	1
	18

	Rank 8
	8
	-
	-
	8
	-
	1
	18


Table III Payload size for type I codebook without subband PMI reporting
	Type II
	Wideband beam selection
	Beam offset index
	Antenna group co-phasing
	wideband co-phasing
	Total

Wideband

payload

	Rank 1
	8
	-
	-
	2
	10

	Rank 2
	8
	2
	-
	1
	11

	Rank 3
	7
	-
	2
	1
	10

	Rank 4
	7
	-
	2
	1
	10

	Rank 5
	8
	-
	-
	1
	9

	Rank 6
	8
	-
	-
	1
	9

	Rank 7
	8
	-
	-
	1
	9

	Rank 8
	8
	-
	-
	1
	9


Table IV Payload size for type II codebook with subband PMI reporting
	Type II
	Rotation

bits
	L-beam selection
	Strongest coefficient

reporting
	Wideband amplitude
	Total
Wideband

payload
	Subband amplitude
	Subband phase
	Total payload

(WB + 10 SBs)

	Rank 1
	4
	11
	3
	21
	39
	5
	19
	279

	Rank 2
	4
	11
	6
	42
	63
	10
	38
	543


Table V Payload size for type II codebook without subband PMI reporting
	Type II
	Rotation

bits
	L-beam selection
	Strongest coefficient

reporting
	Wideband amplitude
	Wideband phase
	Total wideband payload

	Rank 1
	4
	11
	3
	21
	21
	60

	Rank 2
	4
	11
	6
	42
	42
	105


3 Encoding on short PUCCH/long PUCCH
3.1 Encoding on short PUCCH

According to the agreement, Type I wideband (WB)/partial band (PB) periodic CSI reporting and aperiodic CSI reporting with small payload size can be carried by short PUCCH. Two encoding methods are proposed: 

· 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)

Alt 1B will lead to a larger payload size and bring performance loss in terms of BLER. According to Table III, with considering CRI (only one CSI-RS is configured), the maximum payload size for UCI is 19bits (for Rank 5~8, a 9-bit PMI, a 3-bit RI and a 7-bit CQI). If CSI for Rank 1, 3 or 4 is reported, the UCI contains only 17 bits (a 10-bit PMI, a 3-bit RI and a 4-bit CQI). In this case, 2 padding bits should be added in the UCI payload, which surely degrades the BLER performance as shown in Figure 1, where a 64-bit code length is assumed and PC-CA polar with 3-bit CRC is used as the coding scheme.
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Figure 1 Comparison between two encoding options for short PUCCH

In comparison, Alt 1- joint encoding of CRI/RI/PMI/CQI will not introduce waste bits. Besides, by joint indication of two or more CSI parameters if present, CSI payload size can even be saved by several bits. Thus, with the same after-coding length, Alt 1 can achieve a better BLER performance under the same SNR condition, or has a better coverage capability.

Proposal 1: Support Alt 1 (i.e. RI/CRI/PMI/CQI jointly encoded) in encoding of CSI parameters for short PUCCH.

3.2 Encoding on long PUCCH

Long PUCCH can carry WB/SB/PB CSI reporting. Although different encoding method can be applied for CSI reporting of different granularities, it is more desirable to have unified encoding principle if possible. Two alternatives were proposed in the last meeting:
· Alt. 1: RI/CRI/PMI/CQI with padding bits prior to encoding (to ensure the same payload irrespective of RI)
· Alt. 2: RI/CRI encoded separately from PMI/CQI

For SB CSI reporting, the payload size can be vary a lot for different RI, and thus padding bits will severely degrade the PUCCH performance. For example, assuming 10 subbands in the bandwidth part, Type I SB CSI reporting (without CRI) has a payload size of 46 bits for Rank 3 or 4, and has a payload size of 73 bits for RI=1 (L=4 configured). Thus, if padding is applied, then 27 bits need to be padded, which will definitely degrade the reliability of the CSI reporting. 
In comparison, Alt 2 is a simple scheme inherent from LTE. By UE separately encoding CRI/RI (with RM code) and PMI/CQI (with polar code), gNB can first decode CRI/RI and determines the payload size of PMI/CQI. The larger number of padded bits in Alt 1 is not needed. With the same after-coding length, Alt 2 will have an obvious advantage of BLER performance and coverage capability. 

Figure 2 shows the BLER performance comparison between Alt. 1 and Alt. 2 for Rank 3 or 4 with 10 subbands. For Alt. 1, UCI with payload size 73 bits (including 27-bit padding) is encoding into one 288-bit Polar codeword. For Alt. 2, the 3-bit CRI is encoded by RM code into 32 bits, then the PMI (19 bits) and CQI (24bits) are encoded into a 256-bit Polar codeword. The total resources used in Alt. 1 and Alt. 2 are same. There is more than 1.3dB loss for Alt. 1 at BLER=0.01 compared to Alt. 2. 
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Figure 2 Comparison between two encoding options for short PUCCH
Proposal 2: Support Alt 2 (i.e. RI/CRI encoded separately from PMI/CQI) in encoding of CSI parameters for long PUCCH.
4 Periodic reporting
In NR, periodic reporting has been supported in short PUCCH and long PUCCH. 
Generally, one use case of periodic reporting is to provide a basic CSI to support monitoring the link quality of UE and providing link maintenance and link adaptation. For this use case, short PUCCH can be employed. Considering the limited payload size (tens of bits) on short PUCCH, only wideband PMI should be supported for short PUCCH. 
Proposal 3: Only wideband PMI feedback is supported in short PUCCH for periodic reporting in NR.

Considering the larger capacity of and the coverage enhancement by long PUCCH, the reporting mode supported in short PUCCH can also be supported in long PUCCH. The possible reporting mode for periodic reporting in our view is summarized in Table VII.
Non-PMI reporting in the case of full reciprocity [2] can be reported by the reporting mode of 1-0 and 2-0 w/o partial band CQI reporting. For basic CSI feedback in FDD system, reporting 1-1 and 2-1 can be used. With reporting mode 1-1, the first stage of hybrid CSI feedback can also be supported. 
Table VII possible reporting modes for periodic reporting in our view
	Periodic reporting
	No PMI
	WB PMI
	Multiple PMI

(subband PMI)

	WB CQI
	Short/long PUCCH 
(1-0)
	Short/long PUCCH 

Type 1 PMI 
(1-1)
	 (1-2)

	UE-selective CQI 
	Short/long PUCCH (2-0)
	Short/long PUCCH

Type 1 PMI

 (2-1)
	 (2-2)

	Multiple CQI (subband CQI)
	 (3-0)
	(3-1)
	 (3-2)


5 Aperiodic reporting
As in LTE, aperiodic reporting has been agreed to be transmitted on PUSCH in NR. With aperiodic reporting, CSI with higher resolution can be supported as a supplement CSI reporting. In addition to PUSCH, one may consider short PUCCH to carry aperiodic CSI reporting. 
One motivation is to provide fast CQI feedback for services like URLLC service requiring low latency, such as Y=0. Another motivation is to provide in-time CSI feedback to enable a timely downlink scheduling. For example, in a TDD system where UL-centric subframe is not available for a long time (e.g., UL-DL configuration 4 or 5 in LTE), if aperiodic CSI can only be carried on PUSCH, an in-time CSI feedback can’t be achieved. Thus, a large scheduling latency is introduced, and thus system throughput will be compromised. In this case, short PUCCH should be used to achieve an in-time CSI reporting. 
Proposal 4: For short PUCCH, aperiodic reporting should be supported, FFS restrictions of CSI-RS locations and CSI reporting contents if Y=0.
To show the performance gain of fast CSI feedback, simulation results considering different CSI reporting latencies are provided. Rel-13 Type I codebook is used. 10ms, 5ms and 2ms CSI reporting latencies are assumed. Other parameters are listed in the appendix. As shown in Figure 3, when the CSI reporting latency is reduced from 10 ms to 2 ms, ~23% gain and ~58% gain can be achieved for average UPT and 5% UPT, respectively. Thus, an in-time CSI feedback is important.
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Figure 3 Performance comparison with different CSI reporting latencies
The possible reporting mode for aperiodic reporting in our view is summarized in Table VIII. To deal with a failed detection of certain periodic reporting, an aperiodic reporting can be trigged. Then the reporting mode in periodic reporting should also be supported in aperiodic reporting. The motivation for reporting mode 3-2 is provide a high resolution CSI feedback for MU transmission.
Table VIII possible reporting modes for aperiodic reporting in our view
	aperiodic reporting
	No PMI
	WB PMI
	Multiple PMI

(subband PMI)

	WB CQI
	Short PUCCH/PUSCH

(1-0)
	Short PUCCH/PUSCH 

Type 1 and [Type 2] PMI

(1-1)
	FFS

(1-2)

	UE-selective CQI 
	Short PUCCH/PUSCH 

(2-0) 
	Short PUCCH/PUSCH

Type 1 PMI 

(2-1)
	FFS

(2-2)

	Multiple CQI (subband CQI)
	PUSCH

(3-0)
	PUSCH

Type 1 PMI

(3-1)
	PUSCH

Type 1 and type II

(3-2)


6 Semi-persistent reporting
Semi-persistent reporting has higher flexibility than periodic reporting and aperiodic reporting. Semi-persistent reporting can be seen as a time windowed version of periodic reporting, and the function of periodic reporting can be replaced by semi-persistent reporting sometimes. Actually, semi-persistent reporting can also be seen as aperiodic reporting with a lots of slots, and high resolution feedback can be configured. It seems that semi-persistent CSI is a solution to balance the persistent CSI feedback and feedback overhead, and can be supported on both PUCCH and PUSCH. The CSI reporting mode for semi-persistent reporting can follow those for periodic reporting and aperiodic reporting.
Proposal 5: semi-persistent reporting modes can be supported as a union of periodic and aperiodic reporting modes to take advantage of persistent CSI feedback and overhead reduction  

The possible reporting mode for semi-persistent reporting in our view is summarized in Table IX, with supporting the reporting modes in periodic reporting and aperiodic reporting.
Table IX possible reporting modes for semi-persistent reporting in our view
	Semi-persistent reporting
	No PMI
	WB PMI
	Multiple PMI

(subband PMI)

	WB CQI
	Short PUCCH/long PUCCH/PUSCH

(1-0)
	Short PUCCH/long PUCCH/PUSCH 

Type 1 and [Type 2] PMI

(1-1)
	FFS

(1-2)

	UE-selective CQI 
	Short PUCCH/long PUCCH/PUSCH 

(2-0) 
	Short PUCCH/long PUCCH/PUSCH

Type 1 PMI 

(2-1)
	FFS

(2-2)

	Multiple CQI (subband CQI)
	PUSCH

(3-0)
	PUSCH

Type 1 PMI

(3-1)
	PUSCH

Type 1 and type II

(3-2)


7 Collision handling

Based on above discussions, a different CSI reporting mechanism can be applied depending on the specific use case/scenario, which introduces a certain complexity and possible collusion in CSI reporting. For example, it is possible that an aperiodic CSI reporting carried by PUCCH (if supported) collides with a periodical CSI reporting. Another example, it is possible that two TRPs trigger two CSI reporting from a UE at the same time instance.
Usually, such a collision cannot be perfectly avoided, even in a well-designed system. In particular, it is crucial when the resources to send CSI feedback are limited, e.g., by using PUCCH.

One solution is that gNB can configure (or predefine) the priority of CSI reporting, in term of reporting types (e.g., periodic and aperiodic), UCI formats (e.g., for CSI acquisition and for beam management) and/or CSI quantities (e.g., wideband CQI and subband CQI). In a conflicting reporting occasion with limited resources, UE can choose the proper type/format/quantity to report, based on the configured priority. For example, the following priority can be considered:

· Aperiodic reporting has a higher priority than semi-persistent reporting, and semi-persistent reporting has a higher priority than periodic reporting.

· Wideband CSI (e.g., wideband/partial band CQI) has a higher priority than the subband CSI (e.g., subband CQI).

· Beam related information (e.g., beam index by CRI, and corresponding L1-RSRP) has a higher priority than the CSI related information (e.g., RI/PMI/CQI). The UCI formats containing beam related information (beam index, e.g., CRI, and corresponding L1-RSRP) have a higher priority than the UCI formats only containing CSI related information.
· If multiple aperiodic CSI reporting is triggered in multi-TRP cases, some of the CSI reporting should be dropped depending on the processing capability of the UE, e.g., the maximum number of  CSI reporting which could be handled by the UE, etc. For example, lower indexed or higher indexed CSI reporting could be dropped and the previous reporting could take the place of the dropped CSI.
Proposal 6: The dropping rule for CSI reporting based on some predefined/configured priorities should be supported, for example AP>SP>P, WB CSI>SB CSI, BM reporting>CSI reporting, etc. 
8 Conclusions
Proposal 1: Support Alt 1 (i.e. RI/CRI/PMI/CQI jointly encoded) in encoding of CSI parameters for short PUCCH.

Proposal 2: Support Alt 2 (i.e. RI/CRI encoded separately from PMI/CQI) in encoding of CSI parameters for long PUCCH.
Proposal 3: Only wideband PMI feedback is supported in short PUCCH for periodic reporting in NR.

Proposal 4: For short PUCCH, aperiodic reporting should be supported, FFS restrictions of CSI-RS locations and CSI reporting contents if Y=0.
Proposal 5: semi-persistent reporting modes can be supported as a union of periodic and aperiodic reporting modes to take advantage of persistent CSI feedback and overhead reduction
Proposal 6: The dropping rule for CSI reporting based on some predefined/configured priorities should be supported, for example AP>SP>P, WB CSI>SB CSI, BM reporting>CSI reporting, etc.
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Appendix

	Parameters
	Values

	Duplex mode 
	FDD

	Inter-BS distance 
	200m

	Carrier frequency 
	4GHz

	Simulation bandwidth
	10MHz

	Channel model
	UMi

	BS Tx power 
	41dBm

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

	BS TXRU mapping
	(MTXRU, NTXRU, P, Mg, Ng) = (2, 4, 2, 1, 1)

	UE antenna configurations 
	2Rx, Cross-polarized with 0, 90deg

	UE antenna height
	Follow TR36.873

	UE antenna gain
	Follow TR36.873

	UE receiver noise figure
	9 dB

	Traffic model
	Non-Full buffer, FTP model 1, 

500KB packet size

	UE distribution
	80% Indoor, 3km/h, 

20% Outdoor, 30km/h

	Scheduler
	PF

	HARQ scheme
	CC with up to 3 retransmissions

	UE receiver type
	MMSE-IRC

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	MIMO mode
	MU-MIMO with rank adaptation, max rank = 2
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