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Introduction
[bookmark: _GoBack]For NR-MIMO, Type I and Type II CSI codebook parameters were agreed in RAN1#89 [1].  Since RAN1 NR Ad-Hoc #2, the encoding of Type I and Type II CSI parameters has been discussed [2][3] and the following agreements were made.  
Short-PUCCH based reporting
· 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)
Long-PUCCH based reporting
· 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
PUSCH based reporting
· 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
In this contribution, we discuss open issues on encoding Type I and Type II CSI parameters.  This contribution is revised from [4].  
Type I CSI feedback encoding
Type-I reporting on short PUCCH
It was mentioned in [2] that joint encoding RI/CRI/PMI/CQI (Alt.1) or RI/CRI/PMI/CQI with padding bits prior to encoding (Alt.1B) will be down selected. We take the comparison of two approaches in table below. 
Table 1: Rank-4 CSI feedback overhead (wideband)
	N1
	N2
	L = 1
	L = 4

	
	
	Alt-1
	Alt-1B
	Difference
	Alt-1
	Alt-1B
	Difference

	2
	1
	11
	11
	0
	12
	12
	0

	2
	2
	15
	15
	0
	15
	15
	0

	4
	1
	13
	13
	0
	14
	14
	0

	3
	2
	16
	16
	0
	16
	16
	0

	6
	1
	14
	14
	0
	15
	15
	0

	4
	2
	16
	16
	0
	16
	16
	0

	8
	1
	14
	14
	0
	14
	15
	1

	6
	2
	17
	17
	0
	17
	17
	0

	4
	3
	17
	17
	0
	17
	17
	0

	12
	1
	15
	15
	0
	15
	16
	1

	8
	2
	17
	17
	0
	17
	17
	0

	4
	4
	17
	17
	0
	17
	17
	0

	16
	1
	15
	15
	0
	15
	16
	1



Table 2: Rank-8 CSI feedback overhead (wideband)
	N1
	N2
	L = 1
	L = 4

	
	
	Alt-1
	Alt-1B
	Difference
	Alt-1
	Alt-1B
	Difference

	2
	1
	14
	14
	0
	14
	14
	0

	2
	2
	17
	17
	0
	17
	17
	0

	4
	1
	15
	15
	0
	15
	15
	0

	3
	2
	18
	18
	0
	18
	18
	0

	6
	1
	16
	16
	0
	16
	16
	0

	4
	2
	18
	18
	0
	17
	18
	1

	8
	1
	16
	16
	0
	16
	16
	0

	6
	2
	19
	19
	0
	18
	19
	1

	4
	3
	19
	19
	0
	19
	19
	0

	12
	1
	17
	17
	0
	17
	17
	0

	8
	2
	19
	19
	0
	18
	19
	1

	4
	4
	19
	19
	0
	19
	19
	0

	16
	1
	17
	17
	0
	17
	17
	0



As shown in Table 1,2 , the Alt-1 shows at most 1 bit overhead saving in limited cases for wideband PMI/CQI reporting. For subband CSI reporting (10 subband) payload size which is in appendix, at most 1 bits difference is seen.  It needs to be mentioned in subband CSI reporting, the payload size is already ten-th or hundreds of bits, extra coding gain achieved with 1 bits less payload can be minimal. Actually, the largest overhead difference is 2 bits when RI/PMI/CQI is configured. For CRI inclusive in the parameters, at most 5 bits difference is expected that largest 8 CRI hypothesis exist. Considering the extra definition complexity of joint encoding, separately mapping the CSI into the packet is more straightforward which simplifies both UE and gNB operation.
[bookmark: _Toc492978953]Observation 1: 	The payload size is at most 2-bit different for Alt.1 and Alt.1B, when single encoded packet of RI/PMI/CQI is used.
[bookmark: _Toc492978960]Proposal 1: 	Adopt Alt.1B (i.e. RI/CRI/PMI/CQI with padding bits prior to encoding) for Type-I CSI reporting on short PUCCH.
Type-I reporting on long PUCCH
For two alternatives for long PUCCH reporting, the key difference is whether single or multiple blocks to be encoded. For single packet encoding as described above, the simplicity is its advantage. For two packet encoding, one should notice that the overhead saving occurs when payload of PMI+CQI is difference over different rank. For wideband CSI reporting, we don’t actually see the benefit, as the bits is already limited for encoding, separation into packets itself will lose coding gain. For subband CSI reporting, it might be considered Alt2 for overhead saving. 
[bookmark: _Toc492978961]Proposal 2: 	Adopt Alt.1 (i.e. RI/CRI/PMI/CQI with padding bits prior to encoding) at least for wideband Type-I CSI reporting on long PUCCH. 
Type-I reporting on PUSCH
One FFS item for Type-I PUSCH reporting is if only wideband CQI is used in the 1st part. In our views, if subband CQI is enabled, the payload size can be ten-th bits. If it is encoded together with RI/CRI bits, the CQI of 1st CW performance can be improved, at cost of some degradation of RI/CRI bits, if the same coded bits length is assumed. If the design goal was to improve RI/CRI performance, then subband CQI of 1st CW should be removed from 1st packet and be placed into 1st packet. Meanwhile, it shall be clear before make the conclusion that the mapping of the 1st part, that the payload size can support subband CQI report. We therefore make the proposal below. 
[bookmark: _Toc492978962]Proposal 3: 	For subband CQI reporting, CQI of the 1st CW should be moved into the 2nd packet.
Type II CSI feedback encoding
Signalling of L beams selection
The configurable L beams for linear combination is selected among 2~4 for Type II CSI.  It is seen that the throughput performance can be improved with increased number of beams.  Nevertheless, we believe that introduce some UE selected beam indication of L beams is beneficial.
· The UE’s channel condition with low angular spread is good enough with low linear combination beams, say lower number of L beams is actually required
· Codebook subset restriction is likely to prohibit some beams for linear combination, which would potentially reduce needed L beams  
[bookmark: _Toc492978954]Observation 2: 	It is beneficial that UE feedback additional information to reduce the L beams selection.
According to the Type II codebook design, L beam indices are included in CSI parameters.  The feedback of L beam indices could be either joint beam selection or independent beam selection.  For joint beam selection, less overhead is achieved with a maximum of  bits.  For independent beam selection,  is needed.  It was identified in [2] that at most 5 bits can be saved with joint beam selection.
One way to support indication of less number of L beams, a separate component could to be carried in CSI component.  Such component here is referred as ‘zero amplitude’ beam indication.  UE may use a set of bits to report the number of non-zero-power beams or to report a set of non-zero-power beams out of the L beams.  After that, UE only needs to report beam coefficients associated with non-zero-power beams so that the total payload size can be reduced significantly.  For instance, if UE is configured to report 4 beams, the total payload size can be 279 bits [ref, R1-1709232]; however, if there are 2 zero-power beams, the total payload size can be 142 plus 2 bits for the non-zero-power beam indicator.  Detailed solution for the non-zero-power beams includes using  bits to indicate the number of non-zero-power beams, or using an -bit bitmap to indicate the set of non-zero-power beams.  Besides, the non-zero-power beam indication can be common to all layers and polarization, layer-specific, polarization specific, or layer-polarization-specific.  The determination of non-zero-power beams is up to UE implementation.
[bookmark: _Toc492978955]Observation 3: 	Additional parameters such as zero amplitude beam indication can be used to reduce L beams if necessary.
[bookmark: _Toc492978963]Proposal 4: 	Zero amplitude may be introduced for further overhead reduction.
In addition, if joint beam selection is deployed, the translation of the selected beams to the feedback indicator should be explicit.  In our views, the complexity of joint beam selection to indicator mapping could be larger than independent beam selection, but still within control.  We present the approach of look-up table based solution for joint beam indication below.  The feedback indicator can be computed from a set of nested (or scalable) look-up tables.  For instance, the tables used for selecting 2 beams is a subset of tables used for selecting 4 beams.  Besides, in each table, the active entries used for  is a subset of the active entries used for .  Such a set of tables are derived offline.  Consequently, a unified design and a simple mapping rule can be defined for any possible value of configured ,  and , so as to reduce the complexity in storage and searching.
[bookmark: _Toc492978956]Observation 4:	Joint beam indication complexity is small by introducing a look-up table.  
[bookmark: _Toc492978964]Proposal 5: 	If joint beam selection is used, the L beams to the indicator mapping can be accomplished with simple look-up table based approach.
Independent beam selection requires larger overhead in general compared with joint beam selection.  However, some of the characteristic of independent beam selection can be leveraged.  One of such application is to implicitly indicate the selected L beams.  For example, when the configured L is 4 and desired L is 2, the 3rd beam could be equal to the 1st or 2nd beam’s value.  In this way, no extra indicator is needed for actual used beams indication.  The gNB can determine actual number of L after reception of such independent beam selection feedback.
[bookmark: _Toc492978957]Observation 5:	For independent beam indication, implicit method can be used to reduce number of linear combination beams.
[bookmark: _Toc492978965]Proposal 6: 	If independent beam selection is selected, implicitly indication of actual number of linear combined beams is supported.
Encoding of Type II CSI 
According to the Type II codebook design, the following parameters needs to be carried in CSI feedback for Type II CSI.
· RI: 1-bit for rank switching (either rank-1 or rank-2)
· : L beams indication, can be jointly or independently
· Extra  bits may be needed if zero-amplitude beam indication is needed
· : rotation factor, comprise of  indication
· : wideband amplitude indication
· RI dependent, beam number dependent
· Inclusive of strongest beam indication per layer 
· : wideband/subband amplitude indication
· RI dependent, beam number dependent
·  : wideband/subband phase indication
· RI dependent, beam number dependent
· CQI: wideband/subband
According to the feedback design in [2], it is FFS that subband amplitude and phase could be neglected depends on wideband amplitude.  Although the overhead could be saved, the gNB still have to allocate sufficient UL resources for UCI feedback, if the CSI is carried in a single PUSCH or long PUCCH slot.  In our understanding, the benefit of overhead reduction is mainly to improve the protection of Type II UCI feedback.  Other applications of UCI overhead reduction benefits, such as UL interference reduction or even used for data transmission was mentioned in [5].  
On the other hand, if the UE is allowed to reduce L beams based on either zero-amplitude beam indicator or implicit approach with independent beam index, larger overhead reduction can be expected.  If the packet size is purely determined by the previously decoded packet, then reduced number of payload size is feasible.  If the packet size is undetermined, simple pad with fixed bits on the can also improve Type II CSI decoding performance.  
[bookmark: _Toc492978958]Observation 6: 	Reduced L beams and zero-amplitude wideband amplitude may improve the UCI decoding performance of Type II CSI.
[bookmark: _Toc492978959]Observation 7: 	The extra protection of Type II CSI can be achieved either by changing the actual bit of the payload size, which is determined by the above coded packet, or by padding fixed bits (e.g., ‘0’).  
In [2], two alternatives with either 3 or 2 packet encoding for Type-II CSI needs to be downselected. To our understanding, such 3 packet dividends may have limited improvement on CSI feedback, and cause complicated rate matching for CSI FEC-encoded packets.  It is more natural to split the CSI parameters with wideband parameters and subband parameters.  Where in the 1st packet, padded with zeros bits can be used to achieve higher coding gain if rank2 is configured.  
[bookmark: _Toc492978966] Proposal 7: 	Adopt two encoded packet for Type-II CSI: the 1st packet contains RI, CRI (if configured), i1,r, i1,L, i1,p, and padding bits; the 2nd packet encodes i2,p  (if configured), i2,c, CQI.
Conclusion
In this contribution, we discuss encoding schemes for Type I and Type II CSI feedback.  We made the following observation: 
Observation 1: 	The payload size is at most 2-bit different for Alt.1 and Alt.1B, when single encoded packet of RI/PMI/CQI is used.
Observation 2: 	It is beneficial that UE feedback additional information to reduce the L beams selection.
Observation 3: 	Additional parameters such as zero amplitude beam indication can be used to reduce L beams if necessary.
Observation 4:	Joint beam indication complexity is small by introducing a look-up table.
Observation 5:	For independent beam indication, implicit method can be used to reduce number of linear combination beams.
Observation 6: 	Reduced L beams and zero-amplitude wideband amplitude may improve the UCI decoding performance of Type II CSI.
Observation 7: 	The extra protection of Type II CSI can be achieved either by changing the actual bit of the payload size, which is determined by the above coded packet, or by padding fixed bits (e.g., ‘0’).
In addition, our propositions are as follows. 
Proposal 1: 	Adopt Alt.1B (i.e. RI/CRI/PMI/CQI with padding bits prior to encoding) for Type-I CSI reporting on short PUCCH.
Proposal 2: 	Adopt Alt.1 (i.e. RI/CRI/PMI/CQI with padding bits prior to encoding) at least for wideband Type-I CSI reporting on long PUCCH.
Proposal 3: 	For subband CQI reporting, CQI of the 1st CW should be moved into the 2nd packet.
Proposal 4: 	Zero amplitude may be introduced for further overhead reduction.
Proposal 5: 	If joint beam selection is used, the L beams to the indicator mapping can be accomplished with simple look-up table based approach.
Proposal 6: 	If independent beam selection is selected, implicitly indication of actual number of linear combined beams is supported.
Proposal 7: 	Adopt two encoded packet for Type-II CSI: the 1st packet contains RI, CRI (if configured), i1,r, i1,L, i1,p, and padding bits; the 2nd packet encodes i2,p  (if configured), i2,c, CQI.
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Appendix
Table 1: Rank-4 CSI feedback overhead (10 subband PMI&CQI)
	N1
	N2
	L = 1
	L = 4

	
	
	Alt-1
	Alt-1B
	Difference
	Alt-1
	Alt-1B
	Difference

	2
	1
	92
	92
	0
	102
	102
	0

	2
	2
	132
	132
	0
	132
	132
	0

	4
	1
	112
	112
	0
	121
	122
	1

	3
	2
	142
	142
	0
	142
	142
	0

	6
	1
	122
	122
	0
	131
	132
	1

	4
	2
	141
	142
	1
	141
	142
	1

	8
	1
	121
	122
	1
	131
	132
	1

	6
	2
	151
	152
	1
	151
	152
	1

	4
	3
	151
	152
	1
	151
	152
	1

	12
	1
	131
	132
	1
	141
	142
	1

	8
	2
	151
	152
	1
	151
	152
	1

	4
	4
	151
	152
	1
	151
	152
	1

	16
	1
	131
	132
	1
	141
	142
	1



Table 2: Rank-8 CSI feedback overhead (10 subband PMI&CQI)
	N1
	N2
	L = 1
	L = 4

	
	
	Alt-1
	Alt-1B
	Difference
	Alt-1
	Alt-1B
	Difference

	2
	1
	113
	113
	0
	112
	113
	1

	2
	2
	143
	143
	0
	142
	143
	1

	4
	1
	122
	123
	1
	122
	123
	1

	3
	2
	152
	153
	1
	152
	153
	1

	6
	1
	133
	133
	0
	133
	133
	0

	4
	2
	152
	153
	1
	152
	153
	1

	8
	1
	133
	133
	0
	133
	133
	0

	6
	2
	162
	163
	1
	162
	163
	1

	4
	3
	163
	163
	0
	162
	163
	1

	12
	1
	143
	143
	0
	143
	143
	0

	8
	2
	162
	163
	1
	162
	163
	1

	4
	4
	163
	163
	0
	162
	163
	1

	16
	1
	143
	143
	0
	143
	143
	0



