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Introduction
Good progress was achieved in RAN1#98 for MU-CSI, with the codebook design finalized. In this contribution, we discuss the remaining open issues for CSI reporting.
UCI omission procedure
The following was agreed in RAN1#98 regarding UCI omission:
Agreement
When the UE is configured to report NRep CSI reports,
· Group 0 includes at least: SD rotation factors, SD indicator, and SCI(s) for all the NRep reports, 
· 
For each of the NRep reports, Group 1 includes at least: reference amplitude(s) for weaker polarization, , FD indicator
· 
For each of the NRep reports, Group 2 includes at least: 
· Note: G1 and G2 exclude the indices associated with the strongest coefficient(s) 

In RAN1#98bis, decide the following aspects. If there is no consensus in RAN1#98bis, UCI omission for Rel.16 Type II codebook is not supported in Rel.16 (i.e. UCI omission can be performed via UE implementation).

1. Priority rule for determining G1 and G2: down select from the following:
· 

Alt 1.1: LC coefficients are prioritized from high to low priority according to (λ,l,m) (index triplet, the   highest priority coefficients belong to G1 and the  lowest priority coefficients belong to G2. Priority level is calculated as Prio(λ,l,m)=2L.RI. Perm1(m)+RI. Perm2(l)+λ
· FFS: Exact structure of index permutation function Perm1(.) and Perm2(.), including no permutation
· 

Alt 1.2: The NZ coefficients  are sorted sequentially 0 to KNZ– 1 in the following order, based on λlm indexing (layer  SD  FD), or based on l λ m indexing (SD  layer  FD). The group G1 comprises at least firstsorted coefficients, and group G2 comprises the remaining second sorted coefficients.
· 

Alt 1.3: LC coefficients are prioritized from high to low priority according to (λ,l,m) index triplet, the  highest priority coefficients belong to G1 and the   lowest priority coefficients belong to G2. Priority level is calculated as Prio(λ,l,m)=2L.RI. Perm1(m)+RI. Perm2(l)+ λ
· FFS: Exact structure of index permutation function Perm1(.) and Perm2(.), including no permutation

2. 
Which group(s)  belong to: down select from the following 
· 

Alt 2.1: (only coupled with Alt 1.1) First bits according to Prio(λ,l,m) value belong in Group 1, last according to Prio(λ,l,m) value belong in Group 2
· 

Alt 2.2: (only coupled with Alt 1.2) Bitmap and coefficients are segmented together into M segments (M = number of FD basis indices). Group 1 contains M1 segments and Group 2 contains M2 segments, where M = M1+M2. Each segment contains the bitmap (sub-bitmap) associated with all RI layers, all SD components and a single FD component and the corresponding combining coefficients. The payload size of Group 1 is given by  (N= number of bits for amplitude and phase). The payload size of Group 2 is . 
· FFS: Segmentation of sub-bitmap and coefficients per segment 
· 

Alt 2.3: (only coupled with Alt 1.3) First bits according to Prio(λ,l,m) value belong in Group 1, last  according to Prio(λ,l,m) value belong in Group 2
· Alt 2.4 (only coupled with Alt 1.1) First RI.LM bits according to Prio(λ,l,m) value belong in Group 1, last RI.LM  according to Prio(λ,l,m) value belong in Group 2
· 
Alt2.5: (applicable to any Alt1.x) Bitmap  is included in Group 0
· 
Alt2.6: (applicable to any Alt1.x) Bitmap  is included in Group 1

In addition, there were offline email discussion on UCI omission, and further downselection was achieved:

Offline agreement: On UCI omission for Rel.16 Type II codebooks
· Priority level definition: If priority levels of two LCCs and are such that , LCC  has a higher priority over 
· In RAN1#98bis, select one from the following 3 alternatives:
· Alt A (cf. Alt1.1+2.6 no permutation).  
· 

G1 comprising the  highest priority coefficients and G2 comprising the  lowest priority coefficients
· 
Priority level is calculated as Prio(,l,m)=2L.RI.m+RI.l+ (i.e. no permutation), and bitmap  is included in G1
· Alt B (cf. Alt1.1+2.6 with permutation).
· 

G1 comprising the  highest priority coefficients and G2 comprising the  lowest priority coefficients
· 
Priority level is calculated as Prio(,l,m)=2L.RI. Perm1(m)+RI. Perm2(l)+, and bitmap  is included in G1
· FFS: the functions Perm1(m) and Perm2(l)
· Alt C (cf. Alt1.2+2.2). 
· 

G1 comprising more than  highest priority coefficients and G2 comprising the remaining (<) lowest priority coefficients for the same bit-width as G1 of Alt1.1
· Priority level is calculated as Prio(,l,m)=2L.RI.m+RI.l+ (i.e. no permutation), and bitmap location is according to Alt2.2 (cf. agreement in RAN1#98)

The UCI omission procedure is, as has been stated many times before in RAN1 discussion, an emergency procedure which main purpose is to give information to the gNB that it has set the resource allocation for the PUSCH too low, such that the CSI content the UE wishes to report cannot be fit into the PUSCH container, which may typically happen when gNB has allocated PUSCH resource assuming rank-1 report, but the UE selects rank-2. According to the Rel-15 UCI omission procedure, the UE does not drop the entire transmission in this case, but at least transmits CSI Part 1 which includes the RI and NNZC. Based on this, the gNB realizes that the PUSCH allocation was set too low and can adapt it the next time a CSI report is triggered. If some partial PMI manages to get through to the gNB so that the gNB can make some use of the partially-omitted CSI report, that is a bonus, which will not matter much from a system perspective, especially since this is not expected to happen frequently. To reiterate:
[bookmark: _Toc21098767]For UCI omission, the important thing is that the gNB is made aware of the insufficient resource allocation for PUSCH so that it can adapt it for the next CSI trigger. Any partial PMI should just be seen as a bonus.
In addition, while Rel-16 Type II offers the functionality for the UE to spec-transparently apply a more “proactive” UCI omission procedure by reducing the number of non-zero coefficients so that UCI Part 2 payload is reduced, which may give better CSI resolution of the partial CSI report compared to spec-based UCI omission based on fixed rule, it cannot provide gNB information about insufficient PUSCH allocation, and the gNB will consistently allocate to small PUSCH resource which will be determinantal for system performance. Therefore, only relying on spec-transparent UCI omission is not an option.
[bookmark: _Toc21098768]With spec-transparent UCI omission, the gNB cannot adapt its behaviour and will consistently allocate to small PUSCH resource, which will permanently reduce CSI granularity
Therefore, we think that it is essential that a UCI omission procedure is specified, but that the procedure should be kept as simple as possible with minimum spec impact. Therefore, we propose:
[bookmark: _Toc21098771]Support Alt A for UCI omission procedure
To further elaborate, the only difference between Alt A and Alt B is that permutation is applied to the FD/SD-basis indices. Supposedly, this could better control which LC coefficients end up in G1 and G2 so that more of the strongest coefficients are contained in G1. However, permutation of the SD-basis index  makes little sense, since the LC coefficients are mapped in (SD  layer  FD)-order. This means that, typically, G1 will contain coefficients for all SD-component and layers but only roughly half of the FD-components. Thus, permutation has little impact. While it could make sense to permutate the FD-component index such that global FD-indices close to  and are prioritized over global FD-indices close to , following the statistical distribution of tap-delay powers, the permutation in Alt B is according to the local FD-index  within the selected FD-basis set. In our understanding, a fixed permutation only based on -index cannot provide a benefit, the permutation must also take into account the global indices of the selected FD-basis set. This would further complicate the specification and should be avoided.
[bookmark: _Toc21098769]Permutation is not likely to cause significant performance benefit and would further complicate specification
In Alt C, the bitmap and LC coefficients are interleaved into a single bit string in such a way that the receiver is required to read the bits sequentially in order to decode the content. I.e. the receiver cannot read the bitmap directly. While this may improve the number of non-zero coefficient contained in G1, it unnecessarily complicates the specification and the interleaved structure provides no benefit for the case when no CSI omission occurs. In our view, the additional spec complexity is not warranted.

Codebook subset restriction
In RAN1#98, the following was agreed for CBSR:
Agreement
On CBSR for Rel.16 Type II codebook, the three agreed alternatives for down selection are further clarified as follows. No other alternatives or sub-alternatives will be considered for down selection.
· Alt1. Analogous to Rel.15 Type I
· Hard restriction (0 or 1) can be applied to any of the spatial beams (the restriction is applied for both polarizations of the beam) and is higher-layer configured with one size-N1N2O1O2 bitmap B
· Alt2. Analogous to Rel.15 Type II (SD beam group restriction + per coefficient amplitude restriction)
· Four beam groups are selected via higher-layer configured bitmap B1
· 


For each spatial beam in each of the four beam groups, soft restriction (maximum amplitude of 0, ½, , or 1) is applied to any of the coefficients associated with the beam (the restriction is applied for both polarizations of the beam). This maximum amplitude restriction is higher-layer configured with four bitmaps  
· Alt3. Rel. 15 Type II SD beam group restriction + joint per SD beam restriction
· Four beam groups are selected via higher-layer configured bitmap B1
· Amplitude restriction:
· 


Alt 3A (Sum power ratio): For each beam  in each of the four beam groups, power ratio threshold  (definition and values FFS) is configured, the following criterion should be satisfied:  
· 





[bookmark: MTBlankEqn]Alt 3B (Restriction on ): For each beam  in each of the four beam groups and FD index k0, 0≤k0<N3, wideband gain threshold  (maximum threshold of 0, ,, or 1) is configured, the following criterion should be satisfied:  
· i.e. the “wideband gain” in the frequency domain of the precoder is restricted similarly to Rel. 15
· 
This maximum amplitude restriction is higher-layer configured with four bitmaps  

The main intention with defining a joint beam-amplitude level CBSR is to control the total radiated power of the precoder in certain spatial directions. That is, it may be beneficial to disallow the UE from recommending precoders which transmit any power in some spatial directions (i.e. in certain spatial beams) while for other spatial directions it may be sufficient to restrict the power level to some value larger than zero, i.e. still allowing transmissions in theses directions but not at full power. The Rel-15 Type II CBSR restricts the maximum power level of each WB amplitude coefficient associated with a certain spatial beam individually. This allows for an easy UE implementation, it can simply avoid reporting a higher WB amplitude level than what has been indicated with the CBSR (and choose to not select the spatial beam in the first place if the maximum amplitude value for that spatial beam has been set to zero). It furthermore also corresponds quite well to the actually radiated power in that spatial direction, since in the Rel-15 codebook, there can be at most 4 wideband amplitude coefficients associated with a certain spatial beam, since there is one wideband amplitude coefficient for each of the two polarizations and up to two transmission layers.
However, in the Rel-16 codebook, which consists of multiple LC coefficients  for spatial-polarization beams , FD-components  and layers , there are many more amplitude coefficients associated with a certain spatial beam , namely the set of resulting amplitude coefficients , . Here  denotes the polarization index. Since the maximum rank (and hence the maximum RI value) for the Rel-16 codebook is 4 and the maximum number of FD-components M is 10, the set of  amplitude coefficients associated with a certain spatial beam  can be up to . Thus, it does not make sense to individually restrict each of these up to 80 amplitude coefficients, they should be considered jointly. 

[bookmark: _Toc21098770]The radiated power in a spatial beam direction can depend on up to 80 amplitude coefficients, applying individual per-coefficient amplitude restriction does not make sense
Consider an example, in one case a UE sets one of these 80 amplitude coefficients to be 1 and the remaining are set to zero, while in a second case the UE sets all of these 80 amplitude coefficients to be for instance . The total radiated power in the spatial beam direction for the second case will be   times larger than for the first case, but if individual restriction of each amplitude coefficient is used, it is more likely that the first case will be disallowed while the second case is allowed. Clearly, this is not a reasonable behavior. Therefore, Alt 2 should not be supported. 
Regarding Alt 3, the variant Alt 3B results in a more precise amplitude restriction since it is assured that the subband amplitude level for all subbands does not exceed the indicated threshold. However, this necessitates a quite complex implementation where the UE needs to iteratively perform DFT transformation back and forth to determine the amplitude values of the LC coefficients, which is not desirable. The simpler way is to instead formulate the CBSR criterion in the transformed domain directly as in Alt 3A, however this also requires that the UE performs joint calculation of the PMI across layers, which could be a bit complicated. 
A compromise solution could be to consider a merger of Alt 2 and Alt 3, where the CBSR criterion is applied per layer and polarization rather than across them. This would actually be quite similar to Rel-15 operation. I.e. the following CBSR rule can be applied: 

Where  is a normalization factor and corresponds to the total power of the precoder for the considered layer  and polarization .

[bookmark: _Toc21098772]For Rel-16 CBSR, consider a compromise solution between Alt 2 and Alt 3, where 

Associated UE capability
In this section, we discuss some open issues regarding UE capability.
Number of configured CSI Report Settings
One issue with the Rel-15 capability signalling is that the maximum number of configured CSI Report Settings per BWP a UE can indicate as its capability is rather limited, it is capped at four CSI Report Settings per time-domain behaviour. In practical deployment, it is beneficial for the gNB to dynamically vary the CSI granularity (and thus the payload) depending on the UL UCI coverage. For instance, a UE on the cell edge may only have UL coverage to reliably transmit a Type I WB PMI/CQI report whereas a cell-centre UE can afford to transmit a Type II report with . For instance, the gNB could dynamically switch between following codebook configurations depending on the UE’s UL coverage:
1. Type I WB CQI / WB PMI
2. Type I SB CQI / WB PMI
3. Type I SB CQI / SB PMI
4. Type II  .
5. Type II  
6. Type II  
7. Type II  
However, since the UE can report at most 4 configured CSI Report Settings as its capability, the gNB needs to RRC reconfigure the UE as it moves within the cell. This is clearly not desirable.
[bookmark: _Toc16769207][bookmark: _Toc21098773]For Rel-16 CSI capability, increase the maximum number of configured CSI Report Settings a UE can report to 8, at least for aperiodic CSI Report Settings

Support of R=2
In RAN1#95AH, the following was agreed regarding the value of R:
Agreement
On FD compression unit, agree on Alt1 (PMI subband size = CQI subband size) as the default, along with Alt2.2 (PMI subband size = CQI subband size / R) as secondary
· The value of R is fixed to 2
· FFS: Whether secondary implies a separate UE capability or restricted use cases
· Include issues such as limitation on the number of FD compression units, CPU occupation, latency constraint and/or BW constraint

It is acknowledged that R=2 requires more CSI calculation complexity at UE side since the UE has to perform SVD operation on 2x more FD-units compared to R=1, which should be reflected in either UE capability or restricted use cases, but not both. In our understanding, a simple way to reflect the additional UE processing is to make a CSI report with R=2 occupy two CPUs.
[bookmark: _Toc21098774]R=2 support is mandatory for UEs supporting Rel-16 Type II codebook
[bookmark: _Toc21098775]A CSI report with R=2 occupies two CPUs
Support of high rank codebook
The cost in terms of UL resources consumed for a Type II CSI report can be quite large, and it should therefore give a corresponding boost in DL performance. Typically, the gNB may only trigger a Type II report for a UE when it intends to schedule it with MU-MIMO and otherwise rely on lower payload Type I reports for SU-MIMO. For MU-MIMO, there is little benefit with going above rank-2 for each UE. Therefore, many network implementations may choose not to implement the high-rank Type II codebook, and this should be reflected in the UE capability as well.
[bookmark: _Toc21098776]High-rank Type II codebook is optional UE capability
Supported codebook configurations
From network perspective, it is desirable to have non-fragmented UE fleet with respect to the capabilities supported so as to avoid special handling for a vast number of capability combinations. For instance, it would not be desirable if each UE could indicate whether it supports each of the 8 codebook parameter configurations separately for each CC in each band of a band combination. Instead, it is sufficient o define one basic capability consisting of all parameter combinations with L=2 and L=4 and one advanced capability which additionally supports L=6.
[bookmark: _Toc21098777]The basic UE capability for Rel-16 Type II CSI supports all codebook configurations with L=2 and L=4

Other remaining issues
Another remaining issue is how to define the FD-units for the edge subbands when R=2. As the subband grid is aligned with the CRB grid, it is possible that the edge subbands, both at the end and at the beginning of the BWP, have a subband size which is smaller than the nominal subband size. For this case, the actual number of PRBs for the edge subbands may not be divisible by R=2. A simple solution could be to not divide the edge subband in two FD-units if the actual subband size is smaller than the nominal subband size.
[bookmark: _Toc21098778]Edge subbands with an actual subband size smaller than the nominal subband size is mapped to a single FD-unit even if R=2
Another issue is potential restriction in the flexibility of CSI reporting band configuration. In Rel-15, it is possibly to flexibly select the CSI reporting band as a contiguous or non-contiguous subset of subbands of the BWP, using a bitmap. However, it is not clear if the DFT-compression across subbands will work properly if the CSI reporting band is not contiguous. Therefore, it is reasonable to restrict the CSI Reporting band to be contiguous for Rel-16 Type II codebook
[bookmark: _Toc21098779]For Rel-16 Type II codebook, the CSI reporting band must consist of contiguous subbands

Conclusion 
Based on the discussion in this contribution we make the following observations:
Observation 1	For UCI omission, the important thing is that the gNB is made aware of the insufficient resource allocation for PUSCH so that it can adapt it for the next CSI trigger. Any partial PMI should just be seen as a bonus.
Observation 2	With spec-transparent UCI omission, the gNB cannot adapt its behaviour and will consistently allocate to small PUSCH resource, which will permanently reduce CSI granularity
Observation 3	Permutation is not likely to cause significant performance benefit and would further complicate specification
Observation 4	The radiated power in a spatial beam direction can depend on up to 80 amplitude coefficients, applying individual per-coefficient amplitude restriction does not make sense

Based on these observations, we make the following proposals:
Proposal 1	Support Alt A for UCI omission procedure
Proposal 2	For Rel-16 CBSR, consider a compromise solution between Alt 2 and Alt 3, where 
Proposal 3	For Rel-16 CSI capability, increase the maximum number of configured CSI Report Settings a UE can report to 8, at least for aperiodic CSI Report Settings
Proposal 4	R=2 support is mandatory for UEs supporting Rel-16 Type II codebook
Proposal 5	A CSI report with R=2 occupies two CPUs
Proposal 6	High-rank Type II codebook is optional UE capability
Proposal 7	The basic UE capability for Rel-16 Type II CSI supports all codebook configurations with L=2 and L=4
Proposal 8	Edge subbands with an actual subband size smaller than the nominal subband size is mapped to a single FD-unit even if R=2
Proposal 9	For Rel-16 Type II codebook, the CSI reporting band must consist of contiguous subbands
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