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Introduction
In RAN1#94bis, the following agreements were made [1].
	Agreement 
On the issue of Type II overhead reduction (rank 1, 2), to further progress, interested companies are to submit evaluation results (especially performance-overhead tradeoff) in RAN1#95 once the evaluation methodology is finalized in RAN1#94B.
· Focus on proposals based on linear combination codebook as in Rel-15
· Also investigate potential common ground between frequency domain and time domain approaches, e.g. merging these two into one category

Agreement
The study and, if needed, work on Type II higher rank extension is performed as follows:
· Only for rank 3 and 4 by taking into account the outcome of Type II overhead reduction for rank 1-2
· Simple extension of Rel.15 Type II without any additional optimization (which results in ~3-4x overhead over rank-1) is ruled out


This contribution discusses our views on the two Type II CSI enhancements (overhead reduction and rank 3-4). The relevant simulation results are provided in companion contributions [2] and [3]. 
Type II CSI Overhead Reduction


Figure 1: channel eigenvector matrix 
The Rel. 15 Type II CSI feedback enables per SB CSI feedback based on linear combination precoders that represent dominant eigenvectors of the DL channel. Let  be channel eigenvector matrix (Fig. 1), where  is number of SBs,  is the number of antenna ports at the gNB, and hence the k-th column of  corresponds to channel eigenvector for SB k. The Rel. 15 Type II CSI feedback compresses (columns of)  in spatial domain (across antenna ports) by performing linear combination (LC) using L DFT beams, i.e. columns of . There is no compression in frequency domain (across rows or SBs). The LC coefficients that combine columns of  matrix is given by columns of matrix  (the last equality is due to the fact that columns of W1 are orthogonal). It is will-known that each row of W2 matrix comprises LC coefficients that are correlated due to limited number of channel taps (delays) per beam . This correlation can be exploited to compress (reduce) the large Type II CSI payload further. In RAN1#94bis, the majority of the proposals fall into one of the following two categories. 
· Frequency domain compression: Similar to spatial domain compression, the rows of the (frequency domain) coefficient matrix  is represented as an LC of  basis vectors. 
· Time domain compression: The (frequency domain)  matrix is transformed into time domain first, for example using IFFT, and the rows of the resultant (time domain)  matrix is then represented as an LC of  basis vectors.     
It is evident that the two categories are similar in principle (i.e., compression based on LC). The only difference is whether LC is performed in frequency domain or in time domain. In our view, frequency domain compression is preferable since it is (1) simpler and (2) is aligned with Rel. 15 Type II  which is in frequency domain. A scheme based on frequency domain compression is proposed next.
In the proposed Type II compression scheme,  is compressed in both spatial (across antenna ports) and frequency domains (across SBs) by performing linear combination (LC) using L DFT beams, i.e. columns of  for spatial domain compression, and M DFT beams, i.e. columns of  for frequency domain compression. The compressed  matrix is then given by
,
where  is a  coefficient matrix. The UE needs to report DFT beams , and LC coefficients . An illustration of the proposed scheme is shown in Figure 2. When compared with Rel. 15 Type II CSI, the “new component” in the proposed compression scheme is . 
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Proposal 1: For overhead reduction of Type II CSI,
· Support frequency domain compression, in addition to spatial domain compression supported in Rel. 15
· Rel. 15 linear combination based Type II CSI framework is used for both spatial and frequency compression of channel eigenvector matrix ,
· For spatial domain compression,  comprising L orthogonal DFT beams is used,
· For frequency domain compression,  comprising M orthogonal DFT beams is used,
· Coefficient matrix  is used to linearly combine the DFT beams, and
· The compressed channel eigenvector matrix is given by .

Rank > 2 Type II CSI
1 
2 
In Rel. 14 LTE, the advanced CSI codebook based on linear combination (LC) of 2 beams is supported for rank 1 and rank 2 CSI reporting. For rank > 2, legacy LTE codebooks (up to Release 14) are used. In Rel. 15 NR, the Type II CSI codebook based on LC of  beams is supported for rank 1 and rank 2 CSI reporting. For rank > 2, Type II CSI reporting is not supported yet. A following candidate solutions are as follows.
· Alt 0: The baseline (Rel. 15) solution is to restrict Type II CSI to up to rank 2 (i.e. UE is not expected to report rank > 2 CSI if configured with Type II CSI reporting). One can argue that the primary use case of Type II CSI is MU transmission where per user rank is expected to be small, e.g. at most 2. For higher order MU transmission (e.g. 12 user MU-MIMO), however, such a solution limits the MU performance gain, especially when a UE is capable to have 4 Rx antennae, as shown in [3]. 
· Alt 1: An alternate solution is to follow LTE approach and use rank > 2 Type I CSI codebooks also for rank > 2 Type II CSI reporting. This solution fails to distinguish between Type I CSI and Type II CSI in higher rank scenarios, which defeats the purpose (i.e. high-resolution CSI for significantly large system performance gain over Type I CSI) of supporting Type II CSI in NR since the performance for rank > 2 can be severely affected (reduced) [3].  
· Alt 2: Another alternative is to simply extend rank 2 solution to rank > 2. This alternative though solves the performance related issues with Alt 0 and Alt 1, but it comes at the cost of large CSI payload. The Type II CSI reporting payload increases linearly with rank, which amounts to significantly large payload to report higher rank CSI. Considering the large payload for reporting rank > 2 CSI, the simple extension of the Type II CSI codebook to rank > 2 is difficult to support.  
· Alt 3: It is therefore desired/preferable to design rank > 2 Type II CSI codebook which maintains high system performance gains, and at the same time, keeps CSI reporting payload comparable to rank 2. 
A rank > 2 Type II CSI codebook based on Alt 3 is presented next. 
The following design principles of the rank 2 Type II CSI codebook should also be kept for rank > 2 in order to ensure low UE complexity associated with the codebook search.
· Orthogonal DFT beams
· Scalar quantization of amplitude and phase of coefficients
· Independent encoding of layers
· Maximum SB payload for rank > 2 should be comparable to maximum SB payload for rank 2.
Two candidate schemes for rank > 2 Type II CSI codebook which meet the abovementioned design guidelines are as follows:
· Scheme 0 (unequal number of beams per layer (or across layers)): Let  be the number of beams assigned (out of L beams) for layer . Then, the beam assignment across layers is such that (1) the total number of beams equals the maximum number of beams for rank 2, which is 2L = 8 (for L = 4) and (2) the number of beams is non-increasing, i.e.,  for layer .
· Scheme 1 (unequal number of coefficients per layer (or across layers)): Let  be the number of coefficients assigned (out of 2L coefficients) for layer . Then, the coefficient assignment across layers is such that (1) the total number of coefficients equals the maximum number of coefficients for rank 2, which is 2(L-1) = 14 (for L = 4) and (2) the number of coefficients is non-increasing, i.e.,  for layer .
Note that (1) is to ensure that the payload constraint is satisfied, and (2) is to provide more beams/coefficients to stronger layers.
In Rel. 15, L beams are selected common across layers and two antenna polarizations. This is reasonable since the max rank is restricted to 2. For rank > 2, however, the same L beams may not be able to capture the rich high rank channel, especially when L is small, e.g. L = 2, and hence, may result in performance loss, as shown in [3]. Therefore, the impact of the following beam selection alternatives should be carefully studied.
· Alt 0: same L beams for all layers, i.e., beams  are common for all layers
· Alt 1: different L beams for each pair of consecutive layers, i.e., beams  are common for layers (0, 1), beams  are common for layers (2, 3)…
· Alt 2: different L beams for each layer, i.e., independent beams  are selection for each layer j.

[bookmark: _Ref446598642]Proposal 2: For rank > 2 Type II CSI codebook design,
· Similar to rank 1-2, large performance gain over Type I CSI should be achieved
· CSI reporting payload should be comparable to (approximately the same as) rank 2 Type II CSI reporting payload
· Keep the following design principles of the rank 2 Type II CSI codebook 
· Orthogonal DFT beams
· Scalar quantization of amplitude and phase of coefficients
· Independent encoding of layers
· Study the following schemes 
· Scheme 0: unequal number of beams across layers
· Scheme 1: unequal number of coefficients across layers
· Study the following beam selection alternatives
· Alt 0: same L beams for all layers
· Alt 1: different L beams for each pair of consecutive layers
· Alt 2: different L beams for each layer


Conclusions
In this contribution, overhead reduction for Type II CSI and rank > 2 Type II CSI codebook are discussed. The proposals made are summarized as follows. 
Proposal 1: For overhead reduction of Type II CSI,
· Support frequency domain compression, in addition to spatial domain compression supported in Rel. 15
· Rel. 15 linear combination based Type II CSI framework is used for both spatial and frequency compression of channel eigenvector matrix ,
· For spatial domain compression,  comprising L orthogonal DFT beams is used,
· For frequency domain compression,  comprising M orthogonal DFT beams is used,
· Coefficient matrix  is used to linearly combine the DFT beams, and
· The compressed channel eigenvector matrix is given by .

Proposal 2: For rank > 2 Type II CSI codebook design,
· Similar to rank 1-2, large performance gain over Type I CSI should be achieved
· CSI reporting payload should be comparable to (approximately the same as) rank 2 Type II CSI reporting payload
· Keep the following design principles of the rank 2 Type II CSI codebook 
· Orthogonal DFT beams
· Scalar quantization of amplitude and phase of coefficients
· Independent encoding of layers
· Study the following schemes 
· Scheme 0: unequal number of beams across layers
· Scheme 1: unequal number of coefficients across layers
· Study the following beam selection alternatives
· Alt 0: same L beams for all layers
· Alt 1: different L beams for each pair of consecutive layers
· Alt 2: different L beams for each layer
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