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Introduction
At RAN1#97 meeting, agreements were reached on (L, p) parameters for RI=3,4, maximum number of coefficients per layer, signaling of RI and the number of non-zero coefficients (NZC), strongest coefficient indicators (SCI), coefficient bitmaps, and FD basis selection. This contribution addresses some of the remaining details of Type-II codebook design such as FD basis selection, UCI design, UCI omission and CBSR procedures.
FD Basis Parameters (α, Minitial)
At RAN1#97, the following agreements were made for the specification of the FD basis parameters (α, Minitial) when N3>19 [1]. 
Agreement
The following FD basis subset selection scheme is supported:
· For N3≤19, one-step free selection (cf. Alt5.1 in RAN1#96bis) is used
· For N3>19, IntS is window-based and fully parameterized with Minitial, indicating that the intermediate set consists of FD bases mod(Minitial + n, N3), n=0,1, …, N3’-1 
· The value N3’=⌈αM⌉, where  is higher-layer configured from two possible values
· FFS (to be finalized in RAN1#98 Prague): the supported parameter combinations for (L, p, β, )
· The 2nd step subset selection is indicated by an X2-bit combinatorial indicator (for each layer) in UCI part 2


Agreement
In RAN1#98, finalize the values of  based on the following aspects 
· Candidate values for  to be down selected/evaluated: at least {1.5, 2, 2.5}
· The set of values is to be finalized via offline email discussion prior to RAN1#98
· Configuration of : 
· Whether it is independent of other FD compression parameters, or dependent on at least one of the other FD compression parameters, i.e. p (=y0, and/or v0 for RI=3-4), L, β, and/or R 
· Whether  is rank-specific or rank-common
· Note: This is to be discussed along with the supported parameter combinations for (L, p, β, ) 

Agreement
On SCI (RI>1) and FD basis subset selection indicator, support Alt B described in the following table.
· FFS: details on bitwidth and possible values for Minitial  reporting in UCI part 2
· FFS: whether the possible value(s) for Minitial  can depend on configured FD compression parameters
· Up to the editor to capture this agreement

Alt B
SCI for RI>1
Alt3.4: Per-layer SCI, where SCIi is a ⌈log22L⌉ bit (i=0, 1,.., (RI - 1)). The location (index) of the strongest LC coefficient for layer i before index remapping is (li*, mi*), SCIi = li*, and mi* is not reported
Index remapping
[bookmark: MTBlankEqn]For layer i, the index mi of each nonzero LC coefficient  is remapped with respect to mi* to  such that. The FD basis index  associated to each nonzero LC coefficient  is remapped with respect to  to  such that. The sets  and  are reported.
Informative note (for the purpose of reference procedure):
The index  of nonzero LC coefficients is remapped as. The codebook index associated with nonzero LC coefficient index  is remapped as. 
Comb. indicator for N3 ≤19
 bits 
Comb. indicator for N3 >19
 bits 
Minitial
Reported in UCI part 2, details on bitwidth and possible values are FFS





Following RAN1#97 meeting, the following offline agreement was madeOffline agreement:
In RAN1#98, finalize the values of α via down selection from {1.5, 2, 2.5}
· FFS: α=3 as an additional candidate 








System level simulations were performed in which α  {1.5, 2, 2.5, 3} configurations were compared under BW =40 MHz, SCS =30 kHz and NSB =13, R=2. Here we assume Minitial is reported in CSI Part 2 via  bits, where N3’ is the intermediate basis size. Performance was shown to improve at larger α (especially at cell edge) without notable overhead increase under some scenarios. Throughput and overhead values for an MU-MIMO simulation with L=4, β=0.5, (y0, v0) = (1/4, 1/4) are captured in Table 1. The remainder of parameters can be found in the Appendix. Here, cell-edge throughput improves by 0.4% when α increases from 2.5 to 3, at the expense of 2.4 bits of extra overhead, averaged across different RIs. Thereby, setting α =3 as an optional configuration could be advantageous for cell-edge UEs  which are more likely to incur large delay spread and hence need a larger FD basis window size N3’. UEs with smaller delay spread can then be assigned α  {1.5, 2} since a relatively smaller N3’ would suffice. Hence we support α  {1.5, 2, 3} for FD basis window size parameter.

	α
	N3’
	Edge Throughput (%)
	UPT (%)
	FD basis overhead (bits)

	1.5
	6
	100%
	100%
	12.54

	2.0
	8
	100.68%
	100.11%
	17.31

	2.5
	10
	100.86%
	100.2%
	20.7

	3.0
	12
	101.27%
	100.23%
	23.08


[bookmark: _Ref16873262]Table 1: Comparison of throughput and overhead for different values of α. 
Setting α = 3 results in cell edge performance improvement compared with α = 2.5 without           notable overhead increase.
Support α = {1.5, 2, 3} for FD basis window size at N3 >19.

It was also agreed at RAN1#97 that Minitial would be reported in CSI Part 2, wherein the bitwidth and possible values are to be decided. In the following we propose a formula for deriving Minitial with an arbitrary bitwidth δ such that, as follows

This formula provides a variety of symmetric, uniformly spaced values for Minitial that scale with both the bitwidth δ and N3’, and hence accommodating different delay spread behaviors. In our view, a bitwidth of δ=2 providing 4 possible alternatives for Minitial would suffice.
Support  for FD basis window size.

Bitmap Design
All-zero bitmap reporting for one polarization
In RAN1#97 the following agreement was made.Agreement
In RAN1#98, decide if the specification will restrict the UE from reporting all “zero” in the bitmap for a polarization for each layer.



In [2] it was argued that at low L, p, β parameter values the probability of all LCCs being selected (based on their magnitude) from one polarization only is relatively high (up to 30% at rank 4 transmission). It was also argued that having all-zero LCCs in one polarization would incur non-trivial behavior since antenna ports across polarizations are connected to different power amplifiers (PAs), hence resulting in power loss due to poor utilization of the allocated power. For example, if no LCCs are selected from one polarization for one or more layers, a portion of the total gNB power may go unutilized, where the power loss can be proportional to the number of layers with an all-zero polarization. In Table 2 we compute the probability of a UE with RI ρ having at least ⌈ρ/2⌉ layers with an all-zero polarization. Results show that with the exception of parameter combination (L, p, β) = (2, 1/4, 1/4), this probability is extremely low. Hence this non-trivial behavior is not expected to occur often.
	             
                      RI
   (L, p, β)
	1
	2
	3
	4

	(2,1/4,1/4)
	< 0.1%
	0.17%
	7.99%
	1.44%

	(2,1/2,1/4)
	< 0.1%
	0.11%
	< 0.1%
	0.21%

	(4,1/4,1/4)
	< 0.1%
	< 0.1%
	< 0.1%
	0.14%

	(2,1/4,1/2)
	< 0.1%
	< 0.1%
	< 0.1%
	< 0.1%


[bookmark: _Ref16873319]Table 2: Percentage of UEs with Rank ρ having no reported coefficients in one polarization for at least ⌈ρ/2⌉ layers.

Given an amplitude-based coefficient selection approach, the probability of one polarization having all-zero LC coefficients is negligible except for (L, p, β) = (2, 1/4, 1/4) at RI >2.

Note that the scenario with parameter combination (L, p, β) = (2, 1/4, 1/4) showed non-negligible probability of the occurrence of this zero-polarization behavior at RI >2. Nevertheless, at BW of 10 MHz and R=1 this combination implies that at rank 3 or higher a maximum of 8 non-zero LCCs can be selected across all layers as well as SD/FD bases dimensions, which does not qualify as a high-resolution codebook due to the significant limitation in beam combining. Thereby we do not believe this parameter combination should be supported for RI >2, instead Rel. 15 Type-I codebook can be used.
A decision on the indication of all-zero coefficients per polarization should not be based on parameter combination {L, p, β} = {2, 1/4, 1/4} since it yields a low-resolution codebook and should not be supported. 
A second concern with requiring at least one non-zero entry in a polarization’s bitmap is that it is not clear how the UE should optimize its PMI. For example, a UE could simply zero-out the smallest coefficient on the strong polarization and add the strongest among those weak polarization coefficients which were not initially selected. This would satisfy the proposed restriction, but would only utilize a small portion of the weak polarization’s PA. On the other hand, if the goal is for the UE to choose its PMI to fully utilize the PAs of both polarizations, then a more general constraint on PMI coefficients is needed.
The requirement of having at least one non-zero coefficient per polarization would not address the problem of under-utilized PAs.
Restricting PMIs to exclude all-zero coefficient in one polarization is therefore neither necessary nor beneficial.

Restricting the UE from reporting all-zero coefficients per polarization is not necessary.

Strongest coefficient omission from bitmap
The following agreement was reached in RAN1 #97 regarding the bitmap design.Agreement 
For further details on the agreed UCI parameters in Table 1 of R1-1905629: 
· For RI=3-4, bitmaps, each with size-2LMi (i=0,1,…, RI-1, where i denotes the i-th layer) are reported in UCI part 2
· FFS: If alt 3-4 is supported, size-2LMi-1 (i=0,1,…, RI-1, where  i denotes the i-th layer) are reported in UCI part 2



From the agreement at RAN1#97, the SCI at RI >1 is reported in terms of the SD basis index. It was also agreed that by design the SC will be located at the first FD basis index. Thereby the SD/FD basis indices of the SC are fully given by the SCI and need not be reported in the bitmap, which would save up to 4 overhead bits at no expense in complexity. 

Since the index of the strongest coefficient is reported per layer in CSI Part 2 via an independent parameter, it does not need to be reported within the bitmap.
For RI >1, report size-2LM-1 bitmap per layer i (i=0, 1, …, RI-1) in CSI Part 2, in which the indicator of the strongest coefficient is omitted.


UCI Omission
For NR Rel. 16 Type-II precoder the number of PMI bits fed back from the UE to the gNB via UCI can be very large, causing the CSI payload to exceed the allocated PUSCH resources for CSI. Thereby, a CSI omission procedure is needed to shorten the PMI payload when needed. For Rel. 15 Type-II codebook, three priorities were defined for CSI Part 2, starting with (in accordance to higher priority) 1) WB CSI, 2) Even subbands’ CSI information, and 3) Odd subbands’ CSI information. Obviously, Rel. 15 CSI omission cannot be reused for Rel. 16, since reported coefficients are not in the subband domain, and hence correlation relationships between coefficients are less understood.

Rel. 15 CSI omission approach cannot be reused for Rel. 16.

 Owing to the variation in CSI report size of Rel. 16 Type-II codebook due to different rank and/or number of non-zero coefficients reported, the CSI report size may exceed the PUSCH resource allocation. In such a case, there may not be sufficient time for the UE to recalculate a new CSI report with adequate size. Thereby, a robust, non-ambiguous CSI omission procedure is required. The Rel. 16 Type-II precoder structure is given by  where  (size) and  (size ) represent the SD and FD bases DFT matrices, respectively, and  is the matrix containing the LC coefficients for layer i.  Two main approaches for CSI omission can be used:
1. Layer-based omission: After layer-common information in CSI Part 2, layer-specific information is grouped in the CSI report such that CSI of higher layer(s) is omitted first. One version of this approach was discussed in [3].
2. Coefficient-based omission: After WB parameters in CSI Part 2, LCCs information in CSI report are grouped w.r.t. a certain criterion such that information corresponding to the last group(s) of LCCs is omitted first. Different versions of this approach were discussed in [4] [5].

One disadvantage of layer-based omission is that the transmission rank could be reduced, leading to less data being transmitted within a given BWP and potentially lower spectral efficiency. On the other hand coefficient-based omission does not necessarily result in rank reduction. Thereby we support coefficient-based CSI omission.

Support coefficient-based CSI omission for Rel. 16 Type-II codebook.

For coefficient-based CSI omission, it is preferred to omit coefficients with the lowest magnitude-values, which may not be feasible without additional UE signaling. Nevertheless, our simulation results imply that reported coefficients (excluding the strongest coefficient) with large amplitude are statistically concentrated within high and low FD basis indices, i.e., first few and last few columns of. Figure 1 captures the sum power of all reported coefficients within each of the M selected FD basis vectors for parameter combination (L, p, β) = (4, 1/2, 1/2) and RI ≤2, which reveals that coefficients at edge FD basis vectors have larger magnitude values and hence should be prioritized in case of CSI omission.
[image: C:\Users\IbrahimH\Desktop\untitled.png]
[bookmark: _Ref16873377]Figure 1: Differential power of coefficients across the M selected FD basis indices for RI ≤ 2 and parameter combination (L, p, β) = (4, 1/2, 1/2)

Coefficients reported within the first few and last few FD basis indices statistically have larger magnitude values compared with coefficients reported in the center FD basis indices.
If coefficient-based CSI omission is pursued such that the corresponding FD basis indices have highest priority, then the coefficients corresponding to the edge columns of should be omitted last.

Similarly for SD basis indices, assuming  is the row index containing the strongest coefficient in, then the coefficients in row (row corresponding to the beam with the strongest coefficient on the other polarization) also have statistically larger magnitude values compared with other reported coefficients in other rows of. Simulations were performed to determine the average of the relative power within reported coefficients in the SD basis indices b*(i), as well as the average of the relative power across remaining SD basis indices in each of the strong and weak polarizations. The results can be found in Table 3, where it is shown that the sum of the powers of coefficients within SD basis  (35.19%) exceeds the sum of the powers of all the remaining coefficients in the same polarization ((L-1)x11.62= 34.86%). Note that the percentage of the average relative power in SD basis index b*(i) is low since it does not include the SC whose amplitude value need not be reported.  The average relative power of SD basis vector, which corresponds to the same DFT beam as b* but with the opposite polarization, has between 1.4 and 3 times the average relative power of the remaining 2L – 2 beams, at RI =1, 4, respectively. 



	     SD basis index

Layer index i
	b*(i)
	Avg. power percentage (per beam) in remaining SD basis indices within the strong polarization
	
	Avg. power percentage (per beam) in remaining SD basis indices within the weak polarization

	0
	0.51%
	11.62%
	35.19%
	9.81%

	1
	0.54%
	12.98%
	24.46%
	12.03%

	2
	1.59%
	13.47%
	20.69%
	12.92%

	3
	0.09%
	13.61%
	18.92%
	13.39%


[bookmark: _Ref16873338]Table 3: Percentage of sum power of reported coefficients across different SD basis indices for parameter combination (L, p, β) = (4, 1/4, 1/2) at layer i, conditioned that RI ≥ i+1
Given that the strongest LCC in layer i occurs at row b*(i) of, coefficients reported within row (b*(i) +L) mod2L of  statistically have larger magnitude values compared with reported coefficients in other rows.
Therefore when CSI omission is performed the coefficients with SD basis indices equal to row (b*(i) +L) mod2L should be omitted last, i.e. should have the highest priority for retention.

If coefficient-based CSI omission is pursued such that the corresponding SD basis indices have highest priority, and assuming that the strongest LC coefficient in layer i occurs at row b*(i) of, then coefficients corresponding to row (b*(i) +L)mod 2L of  should be omitted last.
Codebook Subset Restriction (CBSR)
It has been agreed at RAN1 #95 [6] that Agreement
For Rel-16 NR, agree on Alt1 (DFT-based compression) in Table 1 of R1-1813002 as the adopted Type II rank 1-2 overhead reduction (compression) scheme as formulated in Alt1.1 of R1-1813002
· Note: The same DFT-based compression scheme is extended for Type II port selection codebook
· Codebook subset restriction (CBSR) is supported when DFT-based compression is utilized for Type II codebooks with overhead reduction (compression) scheme
· FFS: detailed signaling mechanism 
· Note: Additional compression scheme(s) are not precluded 



CBSR has been supported for NR Rel. 15 Type-II codebooks to mitigate inter-cell interference, in which a joint beam and wideband amplitude restriction are imposed on up to 4 beam groups of size N1N2 each, with amplitude taking on values. Given the absence of a reported wideband amplitude value per SD basis vector in Rel. 16 Type-II codebook and given that the reported coefficients do not represent coefficient information on a subband level, the Rel. 15 Type-II CBSR procedure cannot be reused in a straightforward manner. 

Nevertheless, given the limited amount of TU left for Rel. 16 Type-II codebook discussion, we prefer to reuse the Rel. 15 Type-II CBSR framework for Rel. 16, in terms of CBSR format and functionality. However, this would require some modification to the method in which CBSR is enforced. Recall the precoding matrix for Rel. 16 Type-II codebook for layer i is in the form. Hereafter we assume RI =1 and we omit the superscript (i) for ease of exposition. Given that the cases with beams whose amplitude restriction is set to 0 (beam cannot be selected when constructing matrix W1) or to 1 (beam can be freely selected when constructing W1) are trivial, we focus in the sequel on the case with beam amplitude restriction to  values. 

Assume SD basis index j corresponds to a beam with amplitude restriction of. CBSR violation is checked by verifying that |WCBSR(j,i)| > c.γ for any SB index i where c = maxk,l|WCBSR(k,l)|. An SD basis vector j is then said to be violating CBSR by α>0 dB if maxi|WCBSR(j,i)| = c.γ.10α/20. 
[image: ]
[bookmark: _Ref16873414]Figure 2: Example of CBSR check on SB level at N3=13, RI=1, , where SD basis vector j is restricted. 
One implementation approach to pursue CBSR in a manner similar to that in Rel. 15 Type-II codebook is as follows. Assuming SD basis index j corresponds to a restricted beam, after computing the quantized precoder weight matrix, the CBSR check is performed on the jth row of the 2LxN3 frequency-domain matrix. Note that computing WCBSR should not incur extra complexity since it is used to compute W=W1WCBSR for CQI calculation at the UE. Assume after the CBSR check it was identified that SD basis index j violates the CBSR by xj dB, the UE may then lower the quantized amplitude level of all non-zero coefficients of SD basis index j by 3y dB, where y is the smallest positive integer satisfying 3y ≥ xj. Note that such attenuation can be done straightforwardly since the quantized amplitude levels of LCCs are equally spaced by 3 dB. This approach however may result in the quantized amplitude level of one or more LCC going below the lowest valid quantization level. In that case one can zero out this LCC and modify the coefficient bitmap accordingly. The omission of such coefficient is expected to have minimal impact on CBSR since the amplitude value of this LCC was already negligible.
 Owing to the linearity property of the DFT operation, the prior approach suffices to enforce CBSR without further check, and hence the scaled down LCCs corresponding to SD basis index j can be reported to the gNB for reconstructing  accordingly for the precoder generation at the gNB. A pictorial view of the CBSR process is provided in Figure 2 and Figure 3, in which Figure 2 illustrates the CBSR check procedure for beam j whose amplitude is restricted to  (-6 dB w.r.t. the beam containing the SC). Since the CBSR violation α  4 dB, coefficients amplitude values of SD basis vector j should be reduced by ≥ α dB. This coefficient amplitude reduction is depicted in Figure 3, where the amplitude values of the coefficients of the reference SD basis vector are plotted in FD basis domain along with those of the restricted SD basis vector j. Here, the coefficients of SD basis vector j are shifted by 6 dB to satisfy CBSR. Note that the coefficient corresponding to the SD/FD basis index pair (j, 4) is omitted after CBSR since it is shifted below the lowest SB amplitude quantization level.
[image: ]
[bookmark: _Ref16873445]Figure 3: Example of CBSR process at M=7, RI=1, where SD basis vector j is restricted. 

CBSR can be applied in frequency domain for Rel. 16 Type-II codebook without notable complexity.

Reuse the CBSR procedure of Rel. 15 Type-II for Rel. 16 Type-II codebook, where the CBSR operation at the UE is applied with respect to SB levels after DFT operation on the LCC values.
Conclusion
This contribution addressed the remaining issues for FD basis selection for N3 > 13 and bitmap design. In addition UCI omission and CBSR were also discussed. The following observations were made:
Observation 1	Setting α = 3 results in cell edge performance improvement compared with α = 2.5 without           notable overhead increase.
Observation 2	Given an amplitude-based coefficient selection approach, the probability of one polarization having all-zero LC coefficients is negligible except for (L, p, β) = (2, 1/4, 1/4) at RI >2.
Observation 3	A decision on the indication of all-zero coefficients per polarization should not be based on parameter combination {L, p, β} = {2, 1/4, 1/4} since it yields a low-resolution codebook and should not be supported.
Observation 4	The requirement of having at least one non-zero coefficient per polarization would not address the problem of under-utilized PAs.
Observation 5	Since the index of the strongest coefficient is reported per layer in CSI Part 2 via an independent parameter, it does not need to be reported within the bitmap.
Observation 6	Rel. 15 CSI omission approach cannot be reused for Rel. 16.
Observation 7	Coefficients reported within the first few and last few FD basis indices statistically have larger magnitude values compared with coefficients reported in the center FD basis indices.
Observation 8	Given that the strongest LCC in layer i occurs at row b*(i) of, coefficients reported within row (b*(i) +L) mod2L of  statistically have larger magnitude values compared with reported coefficients in other rows.
Observation 9	CBSR can be applied in frequency domain for Rel. 16 Type-II codebook without notable complexity.
Given that, we propose the following:
Proposal 1	Support α = {1.5, 2, 3} for FD basis window size at N3 >19.
Proposal 2	Support  for FD basis window size.
Proposal 3	Restricting the UE from reporting all-zero coefficients per polarization is not necessary.
Proposal 4	For RI >1, report size-2LM-1 bitmap per layer i (i=0, 1, …, RI-1) in CSI Part 2, in which the indicator of the strongest coefficient is omitted.
Proposal 5	Support coefficient-based CSI omission for Rel. 16 Type-II codebook.
Proposal 6	If coefficient-based CSI omission is pursued such that the corresponding FD basis indices have highest priority, then the coefficients corresponding to the edge columns of should be omitted last.
Proposal 7	If coefficient-based CSI omission is pursued such that the corresponding SD basis indices have highest priority, and assuming that the strongest LC coefficient in layer i occurs at row b*(i) of, then coefficients corresponding to row (b*(i) +L)mod 2L of  should be omitted last.
Proposal 8	Reuse the CBSR procedure of Rel. 15 Type-II for Rel. 16 Type-II codebook, where the CBSR operation at the UE is applied with respect to SB levels after DFT operation on the LCC values.
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Appendix
	Modulation
	Up to 256 QAM

	Coding on PDSCH
	LDPC

	Numerology
	15KHz 14 OFDM symbol slot and 52 PRBs

	Frequency band
	4 GHz

	Simulation bandwidth
	10 MHz

	Transmission scheme
	Closed SU/MU-MIMO adaptation

	Scenario
	Dense Urban (Macro layer only)

	UE antenna height and gain
	TR36.873

	Channel model
	38.901 UMa channel model B

	Inter-site distance 
	200 m.

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Type II feedback DL codebook
	4 beams, WB+SB, 8PSK

	PRBs bundling per SB
	1 PRB

	MU dimension
	Up to 12 layers

	SU dimension
	1/2 layers

	Codeword (CW)-to-layer mapping
	Single codeword

	CSI feedback
	PMI, CQI: every 5 slot; 4 slot delay, RI: every 5 slot;
Sub-band based 

	Interference measurement
	SU-CQI; CSI-IM for inter-cell interference measurement

	ACK/NACK delay
	The next available UL slot

	Re-transmission delay
	The next available DL slot after receiving NACK

	Antenna configuration at TRxP
	(M,N,P,Mg,Ng; Mp,Np) =(8,8,2,1,1;2,8)
(dH, dV)=(0.5, 0.8)λ

	Antenna configuration at UE
	 (M,N,P,Mg,Ng; Mp,Np) = (1,1,2,1,1; 1,1)
(dH, dV)=(0.5, N/A)λ

	Scheduling
	PF

	Receiver
	MMSE-IRC

	Channel estimation
	Non-ideal

	UE Noise Figure
	9 dB

	Mechanic tilt
	90° in GCS (pointing to horizontal direction)

	Handover margin (dB)
	1 dB

	TRxP total transmit power
	41 dBm
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