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Introduction
In RAN1#90, the following agreement was made:
Agreements:
· Codebook subset restriction (CSR) is supported for Type I single-panel
· CSR supports DFT beam restriction and rank restriction
· Beam restriction is bitmap of length N1O1N2O2 where each bit is associated with DFT beam
· If a PMI is comprising of at least one restricted DFT beam, this PMI is considered as restricted
· FFS:  Beam restriction for rank 3-4 codebooks for 16,24 and 32 ports
· CSR is supported for Type I multi-panel
· CSR supports at least rank restriction and beam restriction
· FFS: Details
· FFS beamforming direction restriction, e.g., it can include at least DFT beam
· FFS CSR for Type II
· CSR supports DFT beam restriction and rank restriction and FFS power restriction
· FFS: Details
· FFS: Impact of CSR on CSI reporting payload size
· FFS CSR for 2Tx
In this contribution, we discuss remaining details for codebook subset restriction.
[bookmark: _Ref178064866]Discussion
Type I Codebook Subset Restriction for W1
In Rel-13 Type I codebook design for FD-MIMO, three levels of code book subset restrictions (CBSR) were introduced, i.e., CBSR related to beams, W2 codewords, and ranks.  These were introduced to solve the basic problem that with 9 bits to signal W1, up to 512*8=4096 bits would have been needed for codebook subset restriction for W1 alone, which was excessive.  Instead, a beam restriction was applied across all layers, reducing the W1 overhead for CBSR by a factor of 8.  Since the same fundamental structure (W1W2 based with DFT beams and beam grouping) is used for Type I CSI feedback as in Rel-13, the Rel-13 beam restriction based approach seems appropriate for NR Type I CSI feedback.


Observation:
· The fundamental structure of the Rel-13 LTE FD-MIMO codebook and the NR Type I codebook are the same.
The NR Type I codebooks is similar in many ways to the LTE FD-MIMO codebooks, but contain some differences. One difference is that the rank-3 and rank-4 codebooks uses “antenna grouping” when the number of antenna ports is larger than 16 (for the smaller than 16 port case, the rank-3 and rank-4 codebooks are similar to the LTE codebooks). This has led to the introduction of two quantities that correspond to 2D DFT beams, that is used for the ranks 1,2,5,6,7,8 codebooks for 16 antenna ports and larger (and ranks 1-8 for smaller than 16 antenna ports) and   that is used for rank-3 and rank-4 codebooks for larger than or equal to 16 antenna ports. These quantities are defined below and the definitions of the rank-2 and the rank-4 codebooks is also given.


Table 5.2.1.2-6: Codebook for 2-layer CSI reporting using antenna ports [15 to 14+PCSI-RS]
	Codebook-Config = 1

	

	

	

	

	

	

	

	


	
where .



Table 5.2.1.2-8: Codebook for 4-layer CSI reporting using antenna ports [15 to 14+PCSI-RS]
	
Codebook-Config = 1-2, 

	

	

	

	

	

	

	

	

	

	


	
where .



If one analyses the codebook, one finds that  is a 2D DFT vector that is applied to (each polarization of) the antenna array while  is a 2D DFT vector of half-size compared to , which is applied to (each polarization of) each antenna group of the antenna array and where each of the two antenna groups are formed by splitting the antenna array in half along the first dimension (which is typically the horizontal dimension). Thus,  is applied to both the left half and the right half of the antenna array. This means that the corresponding beamwidth of  is twice as wide as that of  along the first dimension (since half the array is used to form the beam) while the beamwidth along the second dimension is the same. To form the rank-4 transmission, different cophasing between antenna groups and polarizations is applied for the different layers, but the resulting beam shape will be similar to the beam shape of . 
A simple approach to extending the CBSR to the >= 16 port case is to define two bitmaps, one size  bitmap that restricts  components in the rank 1-2, 5-8 codebooks and another size  bitmap that restricts  components for ranks 3-4. However, this require 50% additional overhead. Another approach is to use a single bitmap and restrict  based on restricted  using some fixed mapping rule.
Observation:
· Restriction of rank-4 beams can be done based on restriction of rank-2 beams
As the properties of the beam shape along the second dimension is the same for  and , the problem can be reduced to finding a mapping rule in the first dimension, i.e. to find a mapping rule between the indices  and . To derive such relationship, one can study the entries of the array steering vector , where  is the steering angle,  the array element separation in wavelengths and  the array element index. This tells us that to steer a beam to angle   for an array with  element separation, the phase   shall be applied to each array element n, i.e. the complex conjugate of the steering vector shall be applied.
The first component  has a phase progression of  along the first dimension while the second component  has a phase progression of . Thus, to steer the beam towards the same angle,  should hold. This implies that  results in the same beam direction. Since the intention with beam-based CBSR is to restrict beam directions, this relationship can be used to define and restricted .
However, since the beamwidth of  is twice that of , it would make sense that the restriction of  depends on several, adjacent, . For instance,  is restricted if any of such that  is in the interval  is restricted. Since the beam index is wrapped around  (i.e.  and  corresponds to the same beam direction), the modulo operator is used. The interval essentially defines a size  window around  of restricted that impact the restriction of with (sub)-index . A good choice may be , i.e. a size 3 window. An example illustration of this is given in Figure 1, but with be  for emphasis. 
Thus, we propose:
Proposal:
· For codebook subset restriction for Type I single-panel codebook, beam restriction for rank 3-4 codebooks for 16,24 and 32 ports is based only on the bitmap of length  that defines the beam restriction for remaining ranks
· A rank 3-4 PMI is restricted if it contains a restricted beam 
·  is restricted if any of such that     are restricted
· Restriction of  is given by the bitmap of length 





a)
b)
c)

Figure 1: Illustration of resulting beam patterns of a rank-4 beam and rank-2 beams. The rank-4 beam in dashed black line, this beam is restricted if any of the 8 solid line rank-2 beams are restricted. Dashed line rank-2 beams does not impact the restriction of the rank-4 beam. a) All beams b) Rank-2 beams that do not impact the restriction of the rank-4 beam c) Rank-2 beams that do impact the restriction of the rank-4 beam.
Type I Multi-panel Codebook Subset Restriction
The multi-panel codebooks, for Mode 1, are defined as


in TS 38.214.  In our view, the codebook subset restriction can be based on restricting beams  similarly as the single-panel codebook. It does not seem necessary to support join restriction of  and inter-panel co-phases ,, as the inter-panel cophase only marginally changes the beamforming direction. It is likely very difficult for the gNB to determine CBSR on such a detailed level anyway.
Proposal:
· Codebook subset restriction for multi-panel Type I codebooks supports only rank restriction and beam restriction of 

Type II Codebook Subset Restriction for W1
The W1 restriction is useful for controlling inter-cell interference levels, particularly in elevation direction under 3D UMi.  NR Type II CSI aims for improved resolution of CSI feedback. It is also equally important to be able to control inter-cell interference at the same time. Using beam level CBSR is an effective way to achieve that. 
[bookmark: _Toc478166810]Observation:
· Controlling inter-cell interference is equally important when Type II CSI feedback is configured 
Proposal:
· Beam level CBSR is also supported for Type II CSI feedback.
The next question is how to apply beam level CBSR for Type II codebook.   The whole purpose of beam level CBSR is to avoid DL transmissions in certain directions to reduce interference to other cells.  In case of Type I code book, UE shall not use codewords in all ranks containing the beams which are restricted (i.e. not available).  For Type II codebook, each codeword can consist of, for example, two orthogonal beams , where  is the primary beam with higher power than   There can be two possible UE behaviours:
Option 1:  When any of the beams  in a codeword is a restricted beam, the codeword is not used in CSI feedback
Option 2:  When the primary beam  of a codeword is a restricted beam, the codeword is not used in CSI feedback. In the case that the secondary beam  is a restricted beam, zero power is fed back for .
An example of the two options is shown in Figure 2 with 2x2 port layouts, where beam 1 is the strongest beam and beams 2,3 and 4 are the candidates for the second beam in a beam pair. With beam restriction set for the beams in the middle two rows, in case of option 1, only beam pair {beam 1, beam 2} would be reported.   In case of option 2, the pair {beam 1, beam 3} or {beam 1, beam 4} could also be reported but with zero power feedback for beam 3 and beam 4.
Both options would result in zero transmit power in the restricted beam directions. Option 1 only searches beams in the set of unrestricted beam and thus has a smaller number of beams to search, which can also result in slightly better channel estimation as a third beam could be selected to pair with the primary beam.  So Option 1 is preferred.
Observation:
· Both option 1 and option 2 lead to zero transmit power in the directions of the restricted beam, but option 1 has less beams to search and may provide richer channel feedback.
Proposal:
· Codebook subset restriction for Type II single-panel codebook supports rank restriction and beam restriction
· Beam restriction is based on a size  bitmap 
· When one or more of the beams  in a precoder is a restricted beam, the precoder is not used in CSI feedback
(1,1)
Restricted 
beams
4
1
2
3
N1 =2
N2 =2
Option 1:  only beam pair { is reported


Option 2:  one of three beam pairs is reported:
1. { 
2. { with zero power for 
3. { with zero power for 

1
Primary beam with largest power
beam candidates for the second beam

[bookmark: _Ref478158814]Figure 2: Beam level restriction for Type II codebook. 
CBSR for 2TX codebook
While CBSR for 2TX codebook is supported already in LTE Rel-8, the use case seems rather limited as the 2TX codebook only comprises polarization cophasing while the beam direction is controlled by gNB virtualization of the CSI-RS. Strictly speaking, 2TX codebook is a W2-only codebook, and W2 CBSR is not supported for NR. Thus, CBSR for 2TX codebooks does not need to be supported.
Observation:
· The use case of 2TX CBSR in NR is unclear
Proposal:
· Codebook subset restriction for 2TX codebook is not supported
Variable CSI Payload from Codebook Subset Restriction
One of the basic principles of CBSR since release 8 is that it does not affect the payload size of CSI feedback.  One reason for this is that CBSR is intended to ‘prune’ CSI reporting, removing a small number of codebook entries that the UE should not use, e.g. to avoid inter-cell interference.  With this principle, then the number of bits needed to represent the CSI after CBSR should be essentially the same as before CBSR.
If we consider the case where large scale restriction is used, it seems applicable only where W1 is heavily restricted, since the vast majority of states for Type I CBSR are those for W1 restriction.  In this case, large arrays would be presumably used, otherwise too many beams would be lost.  But even if W1 codewords are restricted by, say, a factor of 4, only two bits are saved, out of say 8 bits for a 32 port configuration.  Furthermore, since the main feedback overhead is due to subband CSI, there would have to be many UEs reporting only W1 and little other CSI for this to have any benefit in terms of CSI overhead reduction.
Restricting W1 heavily has the further implication that it may need to be done dynamically, since the restricted beams should follow the UE’s position in the cell.  This then implies that the CSI payload size varies dynamically, and that CBSR may then need to be signalled with DCI or MAC.  This increases downlink signalling overhead, again possibly with little uplink signalling overhead benefit.  How gNB determines when to modify the CBSR is also unclear, since it apparently must get CSI from the UE on the restricted beams.  Finally, such dynamic changes to the CSI payload size could significantly complicate especially periodic CSI reporting.
Observations:
· Varying CSI payload according to CBSR:
· Does not appear to significantly improve CSI overhead
· Could require dynamic CBSR and so dynamically varying CSI payload
· Could require special signalling in DCI or MAC
· May be difficult to control in gNB
Proposal:
· Maintain LTE principle in NR that CBSR does not affect CSI payload size
Conclusions
In this contribution, we have discussed remaining details of CBSR. Our observations can be summarized:
Observations:
· The fundamental structure of the Rel-13 LTE FD-MIMO codebook and the NR Type I codebook are the same
· Restriction of rank-4 beams can be done based on restriction of rank-2 beams
· Controlling inter-cell interference is equally important when Type II CSI feedback is configured 
· Both option 1 and option 2 lead to zero transmit power in the directions of the restricted beam, but option 1 has less beams to search and may provide richer channel feedback.
· Varying CSI payload according to CBSR:
· Does not appear to significantly improve CSI overhead
· Could require dynamic CBSR and so dynamically varying CSI payload
· Could require special signalling in DCI or MAC
· May be difficult to control in gNB
· The use case of 2TX CBSR in NR is unclear
We therefore proposed:
Proposals:
· For codebook subset restriction for Type I single-panel codebook, beam restriction for rank 3-4 codebooks for 16,24 and 32 ports is based only on the bitmap of length  that defines the beam restriction for remaining ranks
· [bookmark: _GoBack]A rank 3-4 PMI is restricted if it contains a restricted beam 
·  is restricted if any of such that     are restricted
· Restriction of  is given by the bitmap of length 
· Codebook subset restriction for multi-panel Type I codebooks supports only rank restriction and beam restriction of 
· Codebook subset restriction for Type II single-panel codebook supports rank restriction and beam restriction
· Beam restriction is based on a size  bitmap 
· When one or more of the beams  in a precoder is a restricted beam, the precoder is not used in CSI feedback
· Codebook subset restriction for 2TX codebook is not supported
· Maintain LTE principle in NR that CBSR does not affect CSI payload size
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