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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]Based on the WID of NR MIMO enhancements for Rel-16 in RAN meeting #80 [1], Rel-16 will specify overhead reduction, based on Type II CSI feedback, taking into account the tradeoff between performance and overhead as follows:
· Extend specification support in the following areas [1]
· Enhancements on MU-MIMO support:
· Specify overhead reduction, based on Type II CSI feedback, taking into account the tradeoff between performance and overhead 
· Perform study and, if needed, specify extension of Type II CSI feedback to rank >2.  

It has been agreed at RAN1 AH1901 [2] that:
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
· FFS: Whether FD compression unit is higher-layer configured or reported by the UE

It has been agreed at RAN1 98 [3] that:
Agreement
On Rel.16 extension for Type II port selection codebook:
· For rank 1-2, reuse Rel.15 Type II W1 port selection matrix for Rel.16 Type II port selection codebook
· Only L=2 and 4 are supported
· FFS: support for rank 3-4  
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  
Agreement
On the support of Rel.16 Type II port selection codebook for RI=3-4, evaluate the need for supporting the following scheme in RAN1#98bis:
· 
Reuse the Rel-15 Type II W1 matrix and the Rel-16 Type II  and Wf
· Note: if there is no consensus on the need for this feature, such extension to RI=3-4 is not supported in Rel.16

In this contribution, we discuss some remaining issues for the Rel-16 codebook design, including codebook subset restriction, port selection codebook, CSI omission and UE capability.

Codebook subset restriction
Codebook subset restriction (CBSR) is an effective method to suppress the interference of adjacent cells through restriction of the direction and strength of some spatial beams. For Rel-15 Type II codebook, the CBSR is implemented in two dimensions:
1) Restriction of spatial beam vectors. Part of  spatial beam vector groups are restricted, where each spatial beam group comprises  spatial beam vectors.
2) Restriction of the WB amplitude of spatial beam vectors. 
[bookmark: _GoBack]In last meeting, three alternatives has been agreed for R16 DFT-based compression codebook. SD beams are hard restricted in Alt.1. As a result, the flexibility of interference management is lower compared with CBSR of R15 Type II codebook. Whether to adopt the amplitude/power restriction combined with SD beams restriction had been discussed for R15 Type II codebook and LTE advanced CSI in our previous contributions [4-6]. In fact, the structure of Type I and Type II codebook is quite different. For Type I codebook, the precoder of one layer is constructed with identical beam vector on two polarizations. However, Type II codebook is generated by the combination of L SD beam vectors. It is worth noting that the number of available orthogonal SD basis directly impact the performance of Type II codebook. The drawback of Alt.1 is that too many beam vectors are restricted directly. As shown in Figure 1, white circles ([image: ]) denote the beams that are available for UE freely choosing. Red circles ([image: ]) represent the restricted beams that gNB does not want to generate any energy on these beams associated directions. While grey circles ([image: ]) denote the restricted beams as well. But different with red circles [image: ], these beams with grey circles are partially restricted because they may generate less energy on directions of [image: ] due to spatial close to beams with red circles. For Alt.1, beams with red circles and grey circles are all precluded in orthogonal basis W1. When much more SD beams are prohibited, the flexibility of SD beam selection is greatly reduced and obvious performance loss can be expected.
[image: ]
Figure 1. Illustration of beam restriction

This impact is much more severe for small number of antenna ports. As discussed in [4], when the number of antenna ports is small, a small amount of available SD beams can be selected in total. If one beam is going to be restricted, network has to restrict several adjacent beams to suppress the interference. In extreme cases (e.g. 4 ports CSI-RS with dual polarization, total 8 beams are generated in each polarization), very limited SD beams are remained after hard beam restriction [4]. In this situation, the performance of Type II codebook with beam combination approaches to that of Type I codebook with beam selection. In our previous contribution [5], simulation results also verified that SD beam + power restriction has better performance than hard SD beam restriction, especially for cell edge UPT (about 35% gain). Considering the freedom of beam selection and system performance, amplitude/power restriction should be reused in R16 DFT-based compression codebook.
In R15 CBSR of Type II codebook, the strength of SD beam can be limited by restriction of maximum allowed WB amplitude. However, the WB amplitude cannot be achieved directly for compression codebook. Alt.3A follows the basic principles of existing CBSR for R15 Type II codebook. For the FD compressed codebook , the WB power of l-th SD beam can be obtained by . In R15, the restricted WB amplitude is normalized by the WB amplitude of strongest SD beam. This idea can be inherited into the design of restricted threshold  for R16 compression codebook. Specifically,  can be defined as the power gain respect to the strongest SD beam, e.g. . However, compared with R15 CBSR of Type II codebook and Alt 2, Alt.3A are more complicated. Because of the equivalent WB amplitude  is associated with all the coefficients in both polarizations and all layers, amplitude/power restriction of all the coefficients should be implemented jointly to satisfy the CBSR criterion.
Alt.3B provides a solution to fallback to R15 codebook by . However, the complexity is even higher than Alt. 3A because  is no longer a sparse matrix. Compared to Alt.3A, more coefficients need to be considered in Alt.3B. Moreover, the spatial-frequency coefficients in  is restricted indirectly based on the definition of Alt.3B. One coefficient corresponding to SD beam l in  is obtained by the linear combination of all elements of l-th line in . It makes the adjustment of coefficient more complex and cumbersome to satisfy the criterion of Alt.3B.
In fact, Alt.2 is a much simpler solution to achieve the restriction of WB power as the same principle of R15 Type II codebook. For the FD compressed codebook, the coefficients corresponding to l-th spatial beam can be written in the form of vector as follows,
                                  (1)
where is the l-th row vector of . Because is the normalized orthogonal basis matrix, the WB amplitude of l-th SD beam can be upper bounded as
              (2)
where  is the element of  in l-th row and m-th column which corresponding to l-th SD beam vector and m-th FD basis vector, m=1, 2,…, M. Based on equation (2), the WB amplitude of one spatial beam can be implicitly restricted by the maximum quantized amplitude of coefficients corresponding to this beam. Considering that common SD beams are used for both polarizations and all layers, Alt.2 CBSR for R16 compression codebook can be implemented as:
1) Restriction of spatial beam vectors. Part of SD beam vector groups are restricted as R15 Type II codebook.
2) Restriction of the maximum quantized amplitude of coefficients corresponding to the SD beam vector in the restricted beam vector groups for both polarizations and all layers. The restricted amplitude is the product of reference amplitude and differential amplitude (for the polarization associated with the strongest coefficient, the reference amplitude is 1). For the restricted amplitude value , it can be implemented equivalently to the differential amplitude in the following ways:
a. For the polarization associated with the strongest coefficient , the differential amplitude is restricted as .
b. For the other polarization , the differential amplitude is restricted as , where  is the reference amplitude for layer .
The bit sequence  in R15 CBSR of Type II codebook can be reused by slightly update the interpretation.

Observation 1: Compared to Alt.1, amplitude/power restriction as the CBSR for R15 Type II codebook can provide flexible SD beam selection and cell edge performance gain.
Observation 2: The complexity of Alt.3A and 3B is much higher than that of Alt.2 since the required adjustment of quantized coefficients is relatively complex in order to satisfy the restriction of amplitude.
Proposal 1: For CBSR of DFT-based compression codebook in Rel-16, Alt.2 is preferred.

PMI subband size for R=2
For “PMI subband size = CQI subband size / 2”  and R=2, this may lead to ambiguity if the size of the first or last CQI subband is smaller than the configured CQI subband size, which is caused by the misalignment of BWP and subband boundaries. For the edge CQI subband whose size is smaller than the configured CQI subband, if the PMI subband size is half of the actual CQI subband band size, the actual frequency density of CSI-RS of one of the two PMI subbands may be smaller than the configured density, which is not preferred for channel estimation. A simple solution is the CQI subband is not divided into two PMI subbands if its size is smaller than the configured CQI subband size, as shown in Fig. 2.
Another benefit for this solution is that the maximum value of N3 will be 36 instead of 40. Since the maximum number of CQI subband is 19, the number of PMI subbands may be 37 or 38 if the edge CQI subband is divided into two PMI subbands, which will lead to N3=40 to be the multiple of 2, 3 and 5. If the edge CQI subbands with smaller sizes are not divided, there are at most 2*17+2=36 PMI subbands. Reducing such a large candidate N3 value may be beneficial for UE implementation.
Proposal 2: For an edge CQI subband with the size smaller than the configured CQI subband size, the UE should report single subband PMI for that edge CQI subband if R=2.
[image: ]
Figure 2. Illustration of CQI subband division.

Port selection codebook design
Port selection codebook has been supported for Rel-15 Type II codebook. Compared with Type II codebook, the selected spatial beam matrix is replaced with a port selection matrix indicating the selected ports and the combination coefficients matrix remains the same for the port selection codebook.
Therefore, for Rel-16 Type II port selection codebook, the space-frequency matrix  can be represented and approximated by the following formulation

where  is composed of selected port selection vectors and  is composed of selected frequency domain basis vectors from the frequency codebook, respectively. The UE only needs to feedback the indices of selected port selection and frequency basis vectors, i.e. and , as well as the combination coefficients . An example of  with L=4 is depicted as follows:

where  is a port selection vector with only one element being 1 and the remaining elements being 0. 
One remaining issue is whether to support Rel-16 Type II port selection codebook for rank 3-4. At least for SU-MIMO case with low traffic load, the Type II codebook for rank 3-4 is necessary to improve the throughput of UE. If the gNB obtains some information on the spatial beams, the port selection codebook can be utilized to reduce the number of CSI-RS ports and reduce the UE computational complexity as well. Therefore, it is beneficial to support Rel-16 Type II port selection codebook for rank 3-4.
Since the difference of codebook design for rank 1-2 and rank 3-4 only exists for  and , it is natural to support Rel-16 Type II port selection codebook for RI = 3-4 by reusing the Rel-15 Type II port selection  matrix and the Rel-16 Type II  and  for RI = 3-4 without any spec effort.
Proposal 3: Support rank 3 and 4 for Rel-16 Type II port selection codebook by reusing Rel-15 Type II port selection matrix  and Rel-16 Type II  and  for RI = 3-4.


Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]The contribution discusses the codebook design or enhancement for Rel-16, based on which the following observations and proposals are made.
Observation 1: Compared to Alt.1, amplitude/power restriction as the CBSR for R15 Type II codebook can provide flexible SD beam selection and cell edge performance gain.
Observation 2: The complexity of Alt.3A and 3B is much higher than that of Alt.2 since the required adjustment of quantized coefficients is relatively complex in order to satisfy the restriction of amplitude.

Proposal 1: For CBSR of DFT-based compression codebook in Rel-16, Alt.2 is preferred.
Proposal 2: For an edge CQI subband with the size smaller than the configured CQI subband size, the UE should report single subband PMI for that edge CQI subband if R=2.
Proposal 3: Support rank 3 and 4 for Rel-16 Type II port selection codebook by reusing Rel-15 Type II port selection matrix  and Rel-16 Type II  and  for RI = 3-4.
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