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1 Introduction

At the previous meetings [1-3], it is agreed that:

Agreements:

· FFS to support a common design of W2 for Cat. 1, Cat. 2 and Cat. 3 
· FFS for Cat. 3, W2 only feedback is allowed
· FFS amplitude feedback for W2 (e.g., wideband, subband, etc.)
· Note: this does not mean NR supports all three categories
· FFS whether or not to merge Category 1 and Category 3 using a unified codebook formulation
Agreements:

· Slides 4 to 24 in R1-1709232 are agreed

· For slide 20, FFS whether or not support frequency-dependent parameterization and if so, the details

· FFS whether or not to further enhance analog beamforming related operations especially for >1 layers
Agreement:

· At most RI=2 is allowed to be reported for a CSI report setting configured with Type II codebook.
In this contribution, we discuss the potential enhancement of the DL codebook design in Rel.15. This contribution is a revision of R1-1719819.
2 Guidelines for codebook design
The following codebooks had been agreed in NR:

· Type I single panel codebook

· Type I multiple panel codebook

· Type II single panel codebook

· Beamformed codebook for Type II

With the principle of beam selection, the feedback overhead for type I codebook is considerable low and is comparable with Class A codebook in LTE. However, the performance of type I codebook is still far away from that with ideal feedback. With the principle of beam combination, the performance of type II codebook has a considerable large gain over that of type I codebook, while the feedback overhead increases significantly. Actually, the essential principle of codebook design can be concluded as aiming to guarantee the performance while reducing the feedback overhead as much as possible, or guarantee the feedback overhead while increasing the performance as much as possible. In other words, we should maximize the ratio of performance to overhead. Looking at the performance and feedback overhead of type I and type II codebook, it seems that both type I and type II codebook have some drawbacks.

In eMBB scenario of NR, the performance of MU-MIMO should be guaranteed. At most RI=2 is allowed to be reported for a CSI report setting configured with type II codebook in Rel-15, which means type I codebook and type II codebook cannot be combined for a CSI report with RI>2. Even with type II codebook for RI=1 or 2, the system performance is still far away from that with ideal feedback. 

Therefore, in our view, there are some tasks required to be addressed for codebook design:
· Codebook enhancement for type II with rank>2.

· Codebook design to achieve a well trade-off between the performance and feedback overhead

· Codebook design to approach the performance with ideal feedback, e.g. Category 2 codebook.

3 Codebook enhancement for type II
Actually, it is highly necessary to support of high rank codebooks in NR. 32 antenna ports at gNB side has been agreed to support and sufficient space isolation is provide to support MU users with more transmission layers. Meanwhile 4Rx UEs are becoming more and more popular. Fig. 1 shows the percentage of UE reporting different ranks, with the assumption of 16 ports at gNB and 4 ports at UE. It can be shown that it is of high possibility that UE report rank 3/4. 
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Figure 1. Rank distribution
One straightforward method to design high rank codebook is to separately quantize and feedback combining coefficients in W2 for each layer. However, the CSI reporting overhead for high rank will be very large. Therefore, in our view, the overhead for high rank reporting should be comparable, or at least without significant increase over that for low ranks. On the other hand, the performance should also be guaranteed if the scheduled transmission falls back to rank 1/2.
As discussed above, both type I and type II codebook have some drawbacks, in which the feedback overhead and performance cannot guaranteed at same time. Beam selection codebook has a considerable low feedback overhead while the performance is limited. Beam combination codebook can achieve a considerable large gain over beam selection codebook while the feedback overhead increases significantly.
Therefore, it is straightforward to consider a codebook design with hybrid beam selection and beam combination. Take rank 4 as an example, beam combination codebook for the first two layer and beam selection for the other layers. For the layers with beam combination, the beams are chosen from an orthogonal 2D-DFT beam group. As type II codebook in NR, wideband amplitude, subband amplitude and subband phase are feedback to represent the coefficients for linear combination. For of the layers with beam selection, the beam is selected from the same orthogonal 2D-DFT beam group and may be same or different with the selected beams for the layers with beam combination. The orthogonality of different layers can be jointly considered in the selection of beams and corresponding co-phasing.
Initial results of system-level simulation for UMa and UMi scenarios are illustrated in Fig. 2. The performance gain of type-II-like codebook and the proposed hybrid codebook over type I codebook is shown. The baseline uses type I codebook for rank 1-4. For type-II-like codebook, the agreed type II codebook is reused for rank 1/2, and extends type II for rank 3/4 with each layer quantized independently and same linear combination codebook for each layer. The hybrid codebook also uses the agreed type II for rank 1/2, and hybrid codebook for rank 3/4. It can be seen that the designed hybrid codebook has only around 5% performance loss compared with type-II-like codebook. However, the overhead with hybrid codebook is only around 1/3 of the overhead with type-II-like codebook for rank 3/4 case.
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Figure 2. Performance comparison of hybrid codebook and type-II-like codebook in UMa.
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Figure 3. Performance comparison of hybrid codebook and type-II-like codebook in UMi.
Proposal 1: NR shall extend type II codebook design for rank 3 and 4 by taking into account trade-off between the performance and feedback overhead.
4 Category 2 codebook design
Category 2 codebook is developed to approach the performance with ideal feedback. In our views, the design for Category 2 should also have the same codebook formulation with Category 1, and can be expressed as dual-stage pre-coding,
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where W1 are wideband and long-term feedback while W2 are subband and short-term feedback.

In Category 1 codebook, W1
 codebook consists of DFT beams for beam combination with the dimension of 
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, and W2 consists of beam combination coefficients with dimension of 
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, where L denotes the selected beam number for each polarization, 
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denotes the number of TXRU ports and RI denotes the rank for the given user.

In the proposed Category 2 codebook, W1
codebook consists of channel eigenvectors for spatial dimension reduction with dimension of 
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, and W2 is short-term and subband feedback with dimension of 
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), where S denotes the number of ports to sufficient represent the given user’s signal. 
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denotes the number of TXRU ports and RI denotes the rank for the given user. 

Actually, Category 2 codebook can be seen an enhancement to be Category 1 codebook with enhancement on W1 codebook. In Category 1 codebook, DFT beams are used to represent the main beam directions of certain user. In Category 2 codebook, channel eigenvectors are directly used to represent the main beam directions more precisely without the restriction of DFT beam.

For W1 codebook feedback, each column can be fed back with each element quantized which may lead to high overhead. To save overhead, each column within W1 codebook can also fed back in a beam combination way with each column represented by the combination of multiple 2D-DFT beams. It should be noted that the linear combination coefficients for W1 feedback in this case is reported on wideband. For W2 codebook feedback, as in category 1 codebook, each column can be fed back with each element quantized, respectively. 
Proposal 2: Category 2 codebook should be further studied in NR.
5 Frequency and time domain compression
The overhead of type II codebook increases approximately linearly with the number of subbands. The overhead would be too large and should be reduced when the number of subbands is considerably large. Since there is correlation between channels of different subbands, the property of the correlation may also be exploited by compression in frequency domain to further reduce the feedback overhead. In addition, channel correlation also exists for the adjacent time slots. The correlation in time domain may also be exploited in overhead reduction. A further potential direction is to consider channel correlation in frequency, time and spatial domain together.
Proposal 3: Frequency and time domain compression should be further studied to reduce feedback overhead in NR.
6 Conclusions
The contribution discuss the codebook design or enhancement for Rel-16, based on which the following proposals are made.

Proposal 1: NR shall extend type II codebook design for rank 3 and 4 by taking into account trade-off between the performance and feedback overhead.
Proposal 2: Category 2 codebook should be further studied in NR.
Proposal 3: Frequency and time domain compression should be further studied to reduce feedback overhead in NR.
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