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Introduction
In RAN1-NR#1, the following agreement on Type II CSI was made. 
Agreements:
· Support at least one scheme taken from Category 1, 2, and/or 3 for Type II CSI
· Possible down selection can be performed throughout Phase I WI
· If more than one schemes is supported, these schemes should be complementary
· This includes further refinement within each category
· Note: other schemes within each category are not precluded
· Descriptions for Category 1 and 2 are given in the following slides
· For the purpose of summary in TR38.802
· Category 1: precoder feedback based on linear combination codebook
· Dual-stage W = W1W2 codebook 
· W1 consists of a set of L orthogonal beams, e.g. 2D DFT beams
· The set of L beams is selected out of a basis, e.g. oversampled 2D DFT beams
· Beam selection is wideband
· W2: L beams are combined in W2 with common W1
· Subband reporting of phase quantization of beam combining coefficients
· Beam amplitude scaling quantization can be configured for wideband or subband reporting
· …
As proposed in the companion contribution [2], the codebook for Type II CSI reporting is a dual-stage codebook: W = W1W2, where the first stage W1 codebook is used to report a beam group using the first PMI (PMI1), and the second stage W2 codebook is used to report beam combination using the second PMI (PMI2). In this contribution, the detailed design of the W1 and W2 codebook for Type II CSI reporting is provided for Category 1. To reduce CSI payload in each CSI reporting instance, a differential CSI based Type II CSI reporting scheme is proposed in the companion contribution [3]. The codebook for Type I CSI reporting is discussed in another contribution [4]. 
Type II W1 Codebook
1 
2 
The three components of the W1 codebook are as follows. 
Basis set: the basis set is orthogonal and comprises of up to 8 beams, similar to LTE Rel. 14 advanced CSI codebook.
· 1D port layouts: (L1, L2) = (min(8, N1), 1) if N2 = 1.
· 2D port layouts: (L1, L2) = (min(4, N1), 2) if N1 ≥ N2 > 1, and (2, min(4, N2)) if N2 > N1 > 1.
An illustration of orthogonal basis set is shown in Table 1.
[bookmark: _Ref468890361]Table 1: Orthogonal basis set
	Port layouts, Number of ports
	

	

	Number of 
beams (L1L2)

	1D, 4 ports
	

	-
	2

	1D, 8 ports
	

	-
	4

	1D, 12 ports
	

	-
	6

	1D, {16, 20, 24, 28, 32} ports
	

	-
	8

	2D, 8 ports
	

	-
	4

	2D, 12 ports 
	

	

	6

	2D, {16, 20, 24, 28, 32} ports
	

	

	8


Beam group selection: The Type II CSI resolution increases with increasing number of beams (L) that are linearly combined. The higher resolution, however, comes at the cost of higher UE complexity, which may not be supported by all UEs. It is therefore desired to support multiple CSI resolutions, i.e., multiple L values for W1 beam group selection. A few examples of L values belong to {2, 4, 8}. A UE is configured with an L value, for example, via higher-layer RRC signalling. 
For a given L value, the beam group selection is based on free selection, i.e., any L out of L1L2 beams can be selected. When rank > 1, the pre-coder for each layer is chosen based on the same W1 (same L beams are used for all layers).
Strongest beam: The strongest beam/coefficient is indicated jointly using PMI1, where this indication is independent for each layer. The reason for per layer strongest beam indication is that the strongest beam is likely to be different for different layers in order ensure orthogonality across layers. This is also shown via simulation in the companion contribution [5].
Proposal 1: The W1 codebook for Type II CSI reporting has following components:
· Basis set: it is orthogonal, and comprises of up to 8 beams
· (L1, L2) = (min(8, N1), 1) beams for 1D port layouts, and 
· (L1, L2) = (min(4, N1), 2) if N1 ≥ N2 > 1, and (2, min(4, N2)) if N2 > N1 > 1 for 1D port layouts. 
· Beam group selection: it is based on free beam selection with L = 2, 4, 8 beams, i.e., any L out of L1L2 beams can be selected.
· Per layer strongest beam/coefficient is also reported using W1. 
Type II W2 Codebook
3 
[bookmark: _Ref446598642]The W2 codebook is used to quantize pre-coders, e.g. estimates of channel eigenvectors.
· The linear combination based quantization of pre-coder is given by  where  is 2L × 1 coefficient vector, and  is the basis matrix whose columns are formed using L W1 beams. 
· To report rank r CSI, r dominant pre-coders are reported independently using linear combination of L beams. For r layers, either r separate PMIs or a single PMI is reported. 
The W2 codebook quantizes the coefficient vector . After normalization (per layer), the strongest coefficient becomes one, hence need not be reported. The normalized remaining 2L – 1 coefficients (per layer) are quantized using scalar quantization of amplitude and phase separately. The quantized phase is reported SB, and the quantized amplitude is reported at least one of WB only, SB only, or WB + SB.
· Phase quantization:  bits are used, where  2 or 3. 
· Amplitude quantization: The amplitudes of the two coefficients (associated with two polarizations) for each one of L beams are quantized separately. For WB only or SB only reporting,  bits are used, where  2 or 3. For WB + SB reporting,  2 or 3 bit and  1 or 2 bits are used for WB and SB reporting, respectively.
· If multiple values of resolution are supported for either amplitude or phase quantization, the value is made configurable.
For rank > 1, amplitude and phase quantization are performed independently.
Proposal 2: For Category 1, the W2 codebook is based on beam combination of L W1 beams, where amplitude and phase of beam combination coefficients are as follows.
· Phase quantization is SB and amplitude quantization is at least one of WB only, SB only, or both WB + SB.  
· Phase quantization:  bits where  2 or 3.
· Amplitude quantization: The amplitudes of the two coefficients (associated with two polarizations) for each one of L beams are quantized separately. For WB only or SB only reporting,  bits are used, where  2 or 3. For WB + SB reporting,  2 or 3 bit and  1 or 2 bits are used for WB and SB reporting, respectively.
· If multiple values of resolution are supported for either amplitude or phase quantization, the value is made configurable.
Codebook for Category 1
For Category 1, further details about the structure of the precoding matrix are presented next. The index of the i-th beam  in the orthogonal basis set of size (L1,L2) is given by
· =
· =
where
· O1 and O2 are oversampling factors in 1st and 2nd dimensions, respectively;
·  is the index of the leading beam of the orthogobal basis set; and 
·  satisfies the following for the following
· 
· .
To construct basis matrix  for layer l, L beams, selected from the selected orthogonal basis set of size (L1,L2), are placed in columns  as follows.
· 1st selected beam is the strongest beam and corresponds to the 1st column (left column) of 
· Remaining L – 1 beams correspond to columns 2 to L - 1 (from left) of .
An example is shown in Figure 1 in which the strongest beam index is 11 and the remaining 3 beams are 1, 4, and 12. The selected beams are shown as black squares. Therefore, the beam indices of the four columns of the basis matrix  are ,  . Note that L beams are common to all layers, but placement of the beams in columns of the basis set  is different for different layers because the strongest beam is different for different layers in general, as mentioned above.


[bookmark: _Ref473107900]Figure 1: L = 4 beam selection for (L1,L2) = (4,4) and 
The rank R Type II pre-coding matrix is then given by

where the pre-coding vector for layer l is given by , where
· if the strongest beam corresponds to one polarization, e.g. polarization 0 (or +45), 
·  if the strongest beam corresponds to other polarization, e.g. polarization 1 (or -45); and
· .
The matrices ,  and vector  are defined as follows.
·  is a basis matrix common to both polarizations, where
·  is one of the L orthogonal DFT beams selected from the selected (L1,L2) basis set,
·  are corresponding indices of L beams where  is the strongest beam for layer l. Note that for rank R > 1, the strongest beam can be different for different layers, hence the index of the strongest beam is indicated per layer and this indication is WB.  
·  is a diagonal matrix with diagonal elements , each  belonging to a real number in [0,1], to indicate WB component of the relative beam power levels across L beams and two polarizations;
·  is a diagonal matrix with diagonal elements , each belonging to a real number in [0,1], to indicate SB component of the relative beam power levels across L beams and two polarizations; and 
·  is a vector , where , to indicate SB relative phase of coefficients across L beams and two polarizations.
Note that one of the diagonal elements of  and elements of  is exactly one which corresponds to the strongest beam whose coefficient (both power and phase) can be assumed to be one in general. Also, if amplitude reporting is WB, then   is an identity matrix (hence not reported). Likewise, if amplitude reporting is SB, then   is an identity matrix (hence not reported).
From the above description, Type II CSI can be specified for any R > 1. In general, Type II CSI reporting payload increases linearly with R. Considering the large payload for supporting R > 1 as well as the use case of Type II CSI for MU precoding, it is proposed that, at least for Phase I NR, Type II CSI supports only R = 1 and 2.   
Proposal 3: For Category 1, the rank R pre-coding matrix is then given by
  R = 1, 2
where the pre-coding vector for layer l is given by , where
· if the strongest beam corresponds to one polarization, e.g. polarization 0 (or +45); 
·  if the strongest beam corresponds to other polarization, e.g. polarization 1 (or -45); 
· ; is a basis matrix common to both polarizations, where
·  is one of the L orthogonal DFT beams selected from the selected (L1,L2) basis set,
·  are corresponding indices of L beams where  is the strongest beam for layer l.  
·  is a diagonal matrix with diagonal elements , each  belonging to a real number in [0,1], to indicate WB amplitude component;  is identity if amplitude reporting is SB.
·  is a diagonal matrix with diagonal elements , each belonging to a real number in [0,1], to indicate SB amplitude component;  is identity if amplitude reporting is WB; and 
· , where , to indicate SB phase.

Rank 1 and 2 overhead table
[bookmark: _Ref473964742]Table 2: Total W2 reporting payload (10 SBs): WB or SB amplitude
	 bits, 10 SBs

	
	L = 2 beams
	L = 4 beams
	L = 8 beams

	Amplitude reporting
	Rank 1
	Rank 2
	Rank 1
	Rank 2
	Rank 1
	Rank 2

	WB
	66
	132
	154
	308
	330
	660

	SB
	120
	240
	280
	560
	600
	1200

	 bits, 10 SBs

	
	L = 2 beams
	L = 4 beams
	L = 8 beams

	Amplitude reporting
	Rank 1
	Rank 2
	Rank 1
	Rank 2
	Rank 1
	Rank 2

	WB
	99
	198
	231
	462
	495
	990

	SB
	180
	360
	420
	840
	900
	1800



[bookmark: _Ref473964744]Table 3: Total W2 reporting payload (10 SBs): WB + SB amplitude
	 bits,  bit,  bits, 10 SBs

	
	L = 2 beams
	L = 4 beams
	L = 8 beams

	Amplitude reporting
	Rank 1
	Rank 2
	Rank 1
	Rank 2
	Rank 1
	Rank 2

	WB+SB
	129
	258
	301
	602
	645
	1290

	 bits,  bit,  bits, 10 SBs

	
	L = 2 beams
	L = 4 beams
	L = 8 beams

	Amplitude reporting
	Rank 1
	Rank 2
	Rank 1
	Rank 2
	Rank 1
	Rank 2

	WB+SB
	180
	360
	420
	840
	900
	1800



The total W2 reporting (PMI2) payload for rank 1 and rank 2, and three amplitude reporting alternatives are summarized in Table 2 and Table 3 where 10 SBs has been assumed. The W2 reporting payload can be reduced (in each CSI reporting instance) by breaking the payload to multiple reporting instances. One such scheme based on differential CSI reporting using L = 2 different beams in each of T = L/2 CSI reporting instances is proposed in the companion contribution [3]. With this approach, the total W2 reporting payload can kept approximately close to that for L = 2 beams, which is less than 400 bits (cf. Table 2 and Table 3).    
Proposal 4: W2 reporting payload can be kept close to that for L = 2 beams by considering differential CSI reporting proposed in [3]. 
Conclusions
In this contribution, a codebook for Type II CSI reporting is presented. The proposals made are summarized as follows. 
Proposal 1: The W1 codebook for Type II CSI reporting has following components:
· Basis set: it is orthogonal, and comprises of up to 8 beams
· (L1, L2) = (min(8, N1), 1) beams for 1D port layouts, and 
· (L1, L2) = (min(4, N1), 2) if N1 ≥ N2 > 1, and (2, min(4, N2)) if N2 > N1 > 1 for 1D port layouts. 
· Beam group selection: it is based on free beam selection with L = 2, 4, 8 beams, i.e., any L out of L1L2 beams can be selected.
· Per layer strongest beam/coefficient is also reported using W1. 
Proposal 2: For Category 1, the W2 codebook is based on beam combination of L W1 beams, where amplitude and phase of beam combination coefficients are as follows.
· Phase quantization is SB and amplitude quantization is at least one of WB only, SB only, or both WB + SB.  
· Phase quantization:  bits where  2 or 3.
· Amplitude quantization: The amplitudes of the two coefficients (associated with two polarizations) for each one of L beams are quantized separately. For WB only or SB only reporting,  bits are used, where  2 or 3. For WB + SB reporting,  2 or 3 bit and  1 or 2 bits are used for WB and SB reporting, respectively.
· If multiple values of resolution are supported for either amplitude or phase quantization, the value is made configurable.
Proposal 3: For Category 1, the rank R pre-coding matrix is then given by
 R = 1, 2
where the pre-coding vector for layer l is given by , where
· if the strongest beam corresponds to one polarization, e.g. polarization 0 (or +45); 
·  if the strongest beam corresponds to other polarization, e.g. polarization 1 (or -45); 
· ;
·  is a basis matrix common to both polarizations, where
·  is one of the L orthogonal DFT beams selected from the selected (L1,L2) basis set,
·  are corresponding indices of L beams where  is the strongest beam for layer l.  
·  is a diagonal matrix with diagonal elements , each  belonging to a real number in [0,1], to indicate WB amplitude component;  is identity if amplitude reporting is SB.
·  is a diagonal matrix with diagonal elements , each belonging to a real number in [0,1], to indicate SB amplitude component;  is identity if amplitude reporting is WB; and 
· , where , to indicate SB phase.
Proposal 4: W2 reporting payload can be kept close to that for L = 2 beams by considering differential CSI reporting proposed in [3]. 
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