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1	Introduction
At the last RAN1 NR ad hoc meeting, the following agreement was reached regarding Type II CSI feedback [1]:
· The following two categories of Type II CSI are considered:
· Category 1: Precoder feedback
· Category 2: Covariance matrix feedback
· Category 3: Hybrid CSI feedback i.e. Type II CSI codebook can be used in conjunction with LTE-Class-B-type-like CSI feedback (e.g. based on port selection/combination codebook)
· For Category 1, study the following candidates. 
· Scheme 1-1:
· Support dual-stage W = W1W2 codebook for Type II codebook for single-panel
· For W1: orthogonal basis based on, e.g. DFT beams
· Freely select  beams out of the group ( is configurable)
· FFS: down selection of L 
· Beam selection is wideband
· For W2: L beams are combined in W2 independently per layer with common W1
· Subband reporting of phase quantization 
· FFS: alphabet size for phase quantization 
· Beam amplitude scaling can be wideband or subband reporting
· With subband reporting, independent amplitude on different polarizations and layers
· FFS: different wideband amplitude on different polarizations and/or layers
· FFS: either configurability or down selection between wideband or subband
· FFS: the number of bits for quantization 
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·  diagonal matrix with diagonal elements in [0,1] which correspond to amplitudes of L coefficients for polarization r and layer l  
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· Further refinement on details can be done
· Scheme 1-2: similar to Scheme 1-1 except for
·  diagonal matrix with diagonal elements in [0,1] which correspond to amplitudes of L coefficients for port group r and layer l  
[image: ]
[image: ]
· Further refinement on details can be done
· Scheme 1-3: similar to Scheme 1-1 except for 
· W1 consists of orthogonal DFT beams
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· W2
· Beams are combined on subband
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· Same or different number of quantization bits for 
· Scheme 1-4: similar to Scheme 1-1 except for
· W1 consists of non-orthogonal DFT beams
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· W2
· Beams are combined on subband
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· Scheme 1-5: similar to Scheme 1-1 except for
· W1 consists of orthogonal DFT beams selected from configured beam groups
· W2: L beams are combined in W2 with common W1
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· Other candidates are not precluded
· …

· 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
· …
In this contribution, we compare Category 1 codebook designs using Schemes 1-1, 1-3, 1-4, and an additional similar scheme in order to compare the performance of each scheme.  In addition, we compare the performance of these schemes using 2, 3, and 4 basis beams, combined using wideband or subband beam scaling.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]2	Discussion of Category 1 Codebook Schemes
Under Category 1, five schemes have been agreed for further study and other candidates are not precluded.  Schemes 1-1, 1-3, and 1-4 where the primary difference is in the structure of the wideband beam matrix .  The structure of  in these three schemes is similar to the structure of the matrix in  Type I Alternatives 3, 1, and 2, respectively [1][2].  The  structures for these schemes are:
· Scheme 1-1:	
· Scheme 1-3:	
· Scheme 1-4:	
Scheme 1-2 is designed for port groups and seems most applicable to sub-panel or multi-panel configurations (as in  Type I Alt. 4).  These configurations can likely be handled with multi-panel codebooks.  Scheme 1-5 is an extension of Scheme 1-1 and has the possibility of reducing overhead by enforcing orthogonality in the codebook.  This scheme can be held for further study while considering the merits of Schemes 1-1, 1-3, and 1-4.  In addition to the five schemes listed in the agreements, we also consider an additional scheme, similar to Scheme 1-3, which we will call Scheme 1-6.  The difference from Scheme 1-3 is in the structure of , which is a block diagonal matrix, as in Scheme 1-1, but with different beam matrices along the diagonal:
· Scheme 1-6:  .
Observation 1:  Scheme 1-2 can likely be handled using a multi-panel codebook approach.
Observation 2:  Scheme 1-5 is an extension of Scheme 1-1 with the possibility of reducing overhead by enforcing orthogonality.
3	Description of Codebook Designs
We focus on evaluating Schemes 1-1, 1-3, 1-4, and 1-6 (defined above) considering only 1 and 2 layers.  The approach is similar to the design of the LTE linear combination codebook in Rel-14 with extensions to subband beam scaling and modifications to the structure of  to conform to the definitions in the schemes being considered.
The  design is based on beams defined by an oversampled 2-D DFT grid of dimensions , where  and  are the number of antennas per polarization in azimuth and elevation, respectively, and  and  are the corresponding oversampling factors.  We only consider oversampling factors of .  The anchor (strongest) beam in the beam matrix (, , or ) for all schemes can be freely chosen from within the 2-D DFT grid based on wideband channel statistics.  For , the statistics are averaged over the two polarizations; for , the statistics are averaged over polarization 1; for , the statistics are averaged over polarization 2.  Additional beams are chosen orthogonal to the anchor beam from all beams orthogonal to the anchor beam.  The total number of beams in a beam matrix is given by  and we consider designs with  beams.  When wideband beam scaling is used, the anchor beam is scaled by a factor of 1 and the remaining  beams are scaled by factors less than or equal to 1, quantized to 2 bits as in the LTE Rel-14 codebook.
The structure of the  coefficient matrix depends on the type of beam scaling which is used:  wideband or subband scaling.  With wideband beam scaling, the first coefficient for each layer is 1 and the remaining coefficients are selected from a QPSK constellation.  That is, the coefficient matrix has the form (for 2 layers and 2 beams in ):

where  and  for QPSK.  For subband beam scaling, both amplitude and phase of each coefficient are quantized, each quantized to 2 bits.  Amplitude quantization is as in the LTE Rel-14 linear combination codebook and phase quantization is QPSK.  In this case, the coefficient matrix has the form:

where  now incorporates an amplitude scale factor in addition to the phase multiplier.
4	Performance Comparisons
We performed system simulations of the codebooks of Schemes 1-1, 1-3, 1-4, and 1-6 with L = 2, 3, and 4 beams for both wideband and subband beam scaling.  The simulations were performed in a 3D UMi environment using MU-MIMO transmission with a maximum UE rank of 2.  The antenna array was composed of 64 elements array in an (8,4,2) configuration (elevation, azimuth, polarization).  Elevation elements were virtualized to create a 16-port array with a (2,4,2) configuration.  The traffic model is full buffer.  Additional simulation parameters may be found in Table 1.
The codebooks are searched using a method similar to the method described in [3], except that all beams orthogonal to the anchor (first) beam are considered.  Note that this difference does not matter until there are more than 8 orthogonal beams per polarization, which primarily applies when there are more than 16 ports.  To be specific, the codebooks are searched by first finding the best (anchor) beam by SINR calculation using the appropriate wideband channel covariance matrix (averaged over polarizations or not, depending on the scheme).  The best L-1 beams are then chosen from all beams orthogonal to the first beam.  For subband beam scaling, the power scaling of the additional beams is also determined using the wideband channel covariance matrix.  The coefficients of  are determined per subband via per element quantization of the eigenvectors of .  For wideband beam scaling, only the phase of each element is quantized after scaling so that the first coefficient of each vector is 1.  
The relative mean and cell edge user spectral efficiencies observed with these codebooks are shown in Figure 1 through Figure 3 for codebooks with 2, 3, and 4 beams, respectively.  All of the spectral efficiencies are normalized to the corresponding spectral efficiency of the Scheme 1-1, 2 beam codebook with wideband beam scaling.  This codebook is identical to the LTE Rel-14 linear combination codebook.
When the four codebook schemes are compared with identical parameters (beam count and scaling), we see that there is little difference in performance among the schemes.  Overall, Schemes 1-6 and 1-3 generally perform the best, followed closely by Scheme 1-4.  However, the variation in mean spectral efficiency from best scheme to worst is less than about 1% and the variation in cell edge spectral efficiency is less than 2%.  
Observation 3:  There is little variation in the spectral efficiency performance of Schemes 1-1, 1-3, 1-4, and 1-6 with a slight edge to Schemes 1-3, 1-4, and 1-6 (those schemes with  and ).
Because none of the schemes are clearly superior in performance, we now address complexity issues.  In Scheme 1-1, only a single set of beams needs to be chosen in  by the UE.  However, two sets of beams are chosen by the UE for the other three schemes.  While there is some additional calculation required to average the covariance matrix across two polarizations in Scheme 1-1, this calculation is likely small compared to the need to find the second set of beams.  In addition, Schemes 1-1 and 1-6 require less calculation by the UE to find the matrix  for eigenanalysis and by the gNB to find the overall precoding matrix since these schemes have zero matrices in the off-diagonal blocks of .  For a given type of beam scaling,  complexity remains constant from scheme to scheme.  Therefore, Scheme 1-1 offers the lowest complexity scheme, making it the scheme of choice, followed by Scheme 1-6.
Observation 4:  Schemes 1-1 and 1-6 yield reduced compute complexity due to the zero matrices in the off-diagonal blocks of .  Scheme 1-1 offers further reduced complexity due to the need to choose a single set of beams for .
Proposal 1:  Support Scheme 1-1 over Schemes 1-3, 1-4, and 1-6.
Depending on the number of beams in the codebook, subband beam scaling provides about 10-15% of gain over wideband scaling in full buffer traffic.  Additional gains may be seen in bursty traffic as seen in simulations of the LTE Rel-14 linear combination codebook.  These performance gains come at a cost of significant additional overhead since the amplitude scaling is repeated for each subband and the first coefficient in  also includes amplitude and phase.  This issue requires further study to more clearly quantify the tradeoffs and decide between the two approaches or a configurable approach.
Proposal 2:  Wideband vs. subband beam scaling is FFS.
[bookmark: _GoBack]As the number of beams increases in the codebooks, performance rises.  The increase in performance is about 2-4% in mean and cell edge spectral efficiency from 2 to 4 beams when wideband beam scaling is used.  When subband scaling is used, the gains improve to 8-9% in mean spectral efficiency and 5-7% at the cell edge.  These gains may be higher in bursty traffic.  These gains come at the cost of increased overhead because each additional beam adds an additional row to , which must be quantized and fed back.  Thus, we support further study of the number of beams to more clearly quantify the gain vs. overhead tradeoff.
Proposal 3:  The number of beams to support in the Type II codebook remains FFS.
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[bookmark: _Ref478127340]Figure 1.  Relative Spectral Efficiency of codebook schemes with 2 beams.
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Figure 2.  Relative Spectral Efficiency of codebook schemes with 3 beams.
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[bookmark: _Ref478127348]Figure 3.  Relative Spectral Efficiency of codebook schemes with 4 beams.
4	Conclusions
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]In this contribution, we have compared the performance of the four proposed schemes for the NR Type II codebook design.  The observations and proposals in this contribution may be summarized as:
Observation 1:  Scheme 1-2 can likely be handled using a multi-panel codebook approach.
Observation 2:  Scheme 1-5 is an extension of Scheme 1-1 with the possibility of reducing overhead by enforcing orthogonality.
Observation 3:  There is little variation in the spectral efficiency performance of Schemes 1-1, 1-3, 1-4, and 1-6 with a slight edge to Schemes 1-3, 1-4, and 1-6 (those schemes with  and ).
Observation 4:  Schemes 1-1 and 1-6 yield reduced compute complexity due to the zero matrices in the off-diagonal blocks of .  Scheme 1-1 offers further reduced complexity due to the need to choose a single set of beams for .
Proposal 1:  Support Scheme 1-1 over Schemes 1-3, 1-4, and 1-6.
Proposal 2:  Wideband vs. subband beam scaling is FFS.
Proposal 3:  The number of beams to support in the Type II codebook remains FFS.
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Appendix	

[bookmark: _Ref471471514]Table 1.  Simulation Parameters
	Parameter
	Value

	Scenario
	3D-UMi with ISD = 200m

	Carrier frequency
	2GHz

	System bandwidth
	10MHz

	Channel model
	According to 36.873

	eNB transmit power
	41 dBm

	eNB antenna configuration
	(M,N,P) = (8,4,2)
(dV,dH) = ( 0.8, 0.5 ) λ
The 8 vertical elements are virtualized to 2 antenna ports with an electrical tilt of 1000 using the subarray connection model in 36.873

	Duplex mode
	FDD

	Traffic model
	Full buffer

	UE distribution
	According to 36.873: 20% outdoor (3km/h), 80% indoor (3km/h)

	UE antenna config.
	2 Rx, cross-polar (+90/0)

	UE antenna pattern
	Omni

	Receiver
	MMSE with channel estimation error and interference modelling

	Feedback
	CQI and RI reporting every 5ms

	
	CQI Feedback delay is 5 ms

	Transmission scheme
	MU-MIMO with maximum UE rank of 2

	Scheduler
	PF with frequency selective scheduling
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•   phase combining coefficients   –   For rank 1:     ,    –   For rank 2:     •     ;    ,    –     is a 2D DFT beam where   –     –     –     corresponds to the nu mber of CSI - RS ports   
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•     beam amplitude scaling factor for beam    and on polarization r and layer    (diagonal elements of P)   •   F FS if  = (common amplitude on layers), or  = (c ommon amplitude  on polarization)   •     beam combining coefficient (phase) for beam    and on polarization  r  and layer     
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•   phase combining coefficients   –   For rank 1:     
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  •     ;  ,2, 3 ,    –     is a 2D DFT beam where   –     –     –   N 1 =2M 1 , N 2 = M 2   or   N 1 = M 1 , N 2 = 2 M 2   –     corresponds to the number of CSI - RS ports   
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•     beam amplitude scaling factor for beam    and on  port group   r and layer    (diagonal  elements of P)   •   FFS if  = (common amplitude on layers), or  = (common amplitude on  port group )   •     beam combining coefficient (phase) for beam    and on  port   group   r  and layer      
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•     •     is a 2D DFT beam where   •     •     •   Rotation factors    commo n for all beams in   
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•   For layer  ,  ,  ,2,….  
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•     and   
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•     •   is a 2D DFT beam and  , where    and reported on  wideband  
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•   For layer  ,  ,  ,2,….   •     and    •   Same or different number of quantization bits for   
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•   Co efficients for all layers and beams are designed jointly to achieve inter - layer  orthogonality, i.e., for L beams (beam 0  –   beam L - 1), R layers (layer 1  –   layer R)  and two pols (pol 0  –   pol 1)   ,   
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