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1	Introduction
At the last RAN1 NR ad hoc meetting, the following agreement was reached regarding Type I CSI feedback [1]:
· For Type I for single panel case with two-stage, i.e. W1W2, codebook-based PMI feedback, 
· Bi in W1 consists of a set of L DFT beams 
· For all ranks: FFS value(s) of L 
· FFS: Orthogonal or non-orthogonal beams
· Select from following alternatives:
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               Alt4: , B as Alt 3
· Other alternatives are not precluded
· Note: the above matrices are constructed with 2D DFT precoders
· W2 is constructed, by down-selecting from following alternatives: 
· Alt 1: co-phasing only; beam selected wideband (in W1). 
· Alt 2: basis combination coefficient based on L basis based W1
· Alt 3: beam selection and co-phasing from L-beam based W1
· Alt 4: LTE-Class-B-type-like CSI feedback (e.g. based on port selection/combination codebook) (NOTE: W1 and W2 are derived from different set of CSI-RS resources)
· Other alternatives are not precluded
At RAN1#88, the following further agreement was reached [2]:
· For Type I single panel codebook,
· For W1, also consider:
Alt 5:  , ;
· At least for rank 1 and rank 2, candidate DFT beam number in B (or Bi) in W1 is L=1, 2, 4 and/or 7 (other values are not precluded), if applicable
· FFS: whether or not down-selection of the L values
· FFS: configurability of L value
· For L>1, if supported:
· Alt. a: free selection of L beams by UE
· Alt. b: at least one beam group pattern is defined
· FFS: whether or not down selection of the patterns
· FFS: configurability of the patterns
· FFS: beam pattern is reported by UE
· Alt. c: selection of L beams by gNB
· FFS: signaling details
· For L>1, if supported:
· FFS: whether L beam selection is the same for rank 1 and rank 2 (nested property) or it is different
· For L=1, if supported:

· For 2D port layout, candidate beam group patterns for Alt. b for L = 2 (if supported) are as follows.
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· FFS: the value of  and .
· For 2D port layout, candidate beam group patterns for Alt. b for L = 4 (if supported) are as follows.
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· FFS: the value of  and .
· Other patterns are not precluded.
· For 1D port layout, a beam group pattern for Alt. b contains a row of L>1 (if supported) beams uniformly and/or non-uniformly separated by d.
· FFS value of d.
· FFS: for L>1 (if supported), whether a single (d1,d2) or multiple (d1,d2) values are supported

In this contribution, we primarily focus on evaluating the design alternatives for the wideband beam matrix (), particularly alternatives 1, 2, 3, and 5.  We also consider the number of beams in the matrix and the beam group patterns.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]2	Discussion of Codebook Alternatives
The NR Type I codebook is a two-stage codebook of the form , where  is a matrix containing beams from an oversampled two-dimensional DFT grid and  selects and combines those beams to create the precoding matrix which is fed back to the base station.  As in LTE,  is normally chosen based on wideband channel statistics and  may vary by subband.
The agreements list five design options for .  Alternatives 1-3 and 5 are similar in the sense that each  is a two by two block matrix containing different arrangements of beam sub-matrices by polarization.  With Alternative 4, the antennas are divided into four groups creating a four by four block diagonal structure with the same beams in each submatrix along the diagonal.  This suggests a regular division of the antennas such that this alternative could be considered as two panels, each panel following Alternative 3 and combined using a multi-panel codebook approach.  Therefore, in this contribution we focus on comparing the performance of Alternatives 1, 2, 3, and 5.
Observation 1:   Alternative 4 can be viewed as two panels with each panel utilizing an Alternative 3 codebook, combined using a multi-panel codebook approach.
The agreements list four design alternatives for the subband matrix .  Alternatives 1 and 3 are quite similar and we consider the design for 1 and 2 layers.  Alternative 1 is paired with a  containing a single beam and co-phases the beam to form the precoding matrix.  Alternative 3 is similar but is paired with a  containing multiple beams and must also select the appropriate beam an co-phase to form the precoding matrix.  Alternative 2 combines multiple beams from  using the beams as a basis for forming the vectors in the precoding matrix.  Thus, Alternative 2 is used to construct a linear combination codebook.  Such a codebook is a Type II codebook and is considered under that topic.
Observation 2:   Alternative 2 defines a linear combination codebook which is a Type II codebook and is considered under the Type II feedback topic.
 Alternative 4 uses a Class B approach and as such is not considered in this contribution.
Proposal 1:  Support  Alt.’s 1 and 3 for the NR Type I codebook.
3	Codebook Design Description
As indicated above, here we focus on evaluating codebook designs for 1 and 2 layers.  These designs can be extended to higher layer counts with the details FFS.  The approach generally follows the approach used in the LTE Rel-13 codebooks.  We consider codebooks containing 1, 2, and 4 beams in each  or .
For , the Alternative 3 design with one beam allows the beam to be freely chosen within the 2-D oversampled 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.  With 2 and 4 beams, the beam patterns given in the agreements are used for codebooks where the index into the 2-D DFT grid (the “anchor”) applies to the beam location at the lower left of the pattern.  With two beams, the 2-D DFT grid is sub-sampled depending on the pattern.  The grid sub-sampling determines the allowed anchor positions within the 2-D DFT grid. The following table contains the grid sub-sampling for two beams for each pattern configuration:
Table 1.  Grid Sub-Sampling for 2 Beam Patterns
	Beam Pattern
	Grid Sub-Sampling
(azimuth, elevation)

	2-1
	(1,2)

	2-2
	(2,2)

	2-3
	(2,1)

	2-4
	(2,2)



For example, for beam pattern 2-1, the anchor is freely chosen in azimuth (all azimuth beams are allowed) but only every other beam is allowed in elevation.  With four beams, the grid sub-sampling is always by two beams in both azimuth and elevation (i.e., (2,2) indicating that the anchor is allowed to be every other grid point in both azimuth and elevation).  Each two and four beam pattern also contains the beam separations  and .  In this contribution, we only consider .  With this design, the  Alternative 3 codebook for one beam are equivalent to the LTE Rel-13 Config 1 codebook and the four beam codebooks with patterns 4-1, 4-2, and 4-3 are equivalent to the LTE Rel-13 Config 2, 3, and 4 codebooks, respectively.
The  Alternative 5 design follows the Alternative 3 design for the  sub-matrix.  The  sub-matrix has the same structure as , but has several alternatives shifted within the 2-D DFT grid.  Four different shifts are condered for  according to one of the shift clusters shown in Figure 1.  The element containing an “X” is the anchor location and other elements are the shifted locations of the beam pattern.  Only shifts by one grid point in each direction are considered here, but larger shifts in each dimension are possible.  An example of using Cluster 0 to shift beam pattern 4-2 is shown in Figure 2.  The location of the “X” corresponds to the anchor location in each shift.  Each shift produces a single  matrix paired with the same  matrix.  That is, with clusters containing four elements, there are four different  matrices for each  matrix, each containing a different  matrix corresponding to the shift of .  The cluster design is meant to provide alternatives where the second polarization angle of departure is different from the first polarization angle of departure.  The shifts provide alternatives to compensate for such differences by using  to choose the best shift for each subband.  Note that since a shift of (0,0) is included, the  matrices of Alternative 3 are a subset of the matrices of Alternative 5.


[bookmark: _Ref478079323]Figure 1.  Cluster configurations.  The element containing an “X” is the anchor location (shift (0,0)).


[bookmark: _Ref478080067]Figure 2.  Example of shifts of pattern 4-2 using Cluster 0.
The designs for  Alternatives 1 and 2 use the same  and  used in Alternative 5, but places the matrices in the appropriate off-diagonal positions as well.  Thus, for Alternative 1,  is

and for Alternative 2,  is

where  is the identity matrix.
The  matrix design uses  Alternative 1 for  beam and  Alternative 3 for  beams.  Co-phasing is performed using elements of an M-PSK constellation.  In these comparisons, a QPSK constellation is used.  Thus, for  Alternative 1 (shown for two layers): 

and for  Alternative 3 (shown for two layers):

where .   For a single layer, any value of  is allowed.  For two layers,  is constrained to be orthogonal and only  are allowed.

4	Performance Comparisons
We performed system simulations of these codebooks to compare their performance in a 3D UMi environment using MU-MIMO transmission with a maximum UE rank of 2.  For , all combinations of Alternatives 1, 2, 3, and 5 with 1, 2, and 4 beams using all beam patterns appropriate to the beam count are considered.  Alternatives 1, 2, and 5 are simulated using clusters 0, 1, and 2.  This yields the possibility of 10 codebook configurations for 1 beam and 40 configurations each for 2 and 4 beams.  Additional simulation parameters may be found in Table 2.
Simulation results are shown in Figure 3 through Figure 6 for Alt.’s 1, 2, 3, and 5, respectively.  Results are shown for all beam counts, beam patterns, and cluster configurations.  Beam patterns are identified by both beam count and pattern number.  For example, pattern 2-1 is labeled “2 Beams, P1”.  Note that results are not available for the 2 beam, P4 codebooks (pattern 2-4) but we expect results similar to the 2 beam, P2 (2-2) case since the patterns are similar in nature. All spectral efficiencies are reported relative to the Alt. 1, 1 beam case which is equivalent to the LTE Rel-13 Config 1 codebook.
When comparing the different beam patterns for each alternative, we find that the first beam pattern performs the best in all cases.  That is, pattern 2-1 outperforms patterns 2-2 and 2-3, and pattern 4-1 outperforms patterns 4-2, 4-3, and 4-4.  Thus, it is unclear whether more than one beam pattern is required, based on these simulation results.
Observation 3:  For Alt.’s 1, 2, 3, and 5 beam patterns 2-1 and 4-1 perform the best for codebooks containing 2 and 4 beams, respectively, in .
When the different codebook alternatives are compared for 1, 2, 4 beams (using beam patterns 2-1 and 4-1), we first notice that Alt. 1 never provides any gain over Alt. 3.  Alt. 2 only yields a small (0.5%) gain over the corresponding Alt. 3 codebook for 1 beam and only in the mean spectral efficiency.  Alt. 5 consistently yields the best performance, providing gains of about 1% in mean spectral efficiency and gains from 0.3-4% in cell edge spectral efficiency over the corresponding Alt. 3 cases.
Observation 4:  Alt.’s 1 and 2 provide no gain over the corresponding Alt. 3 codebooks.
Observation 5:  Alt. 5 provides consistent gains over the corresponding Alt. 3 codebooks, yielding about 1% in mean spectral efficiency and up to 4% at the cell edge.
The gains found with Alt. 5 come at the expense of additional overhead to specify the chosen cluster element.  Since the clusters considered each have four alternatives, this requires two extra bits to specify the wideband matrix .  The gains with this alternative are promising and require further study to determine the merit of this approach relative to Alt. 1.
Observation 6:  Alt. 5 requires two additional bits of overhead to achieve the gains over Alt. 3.
Proposal 2:  Support  Alt.’s 3 and 5 for further study for the NR Type I codebook.
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[bookmark: _Ref478113396]Figure 3.  Simulation results for Alt. 1 codebooks
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Figure 4.  Simulation results for Alt. 2 codebooks
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Figure 5.  Simulation results for Alt. 3 codebooks
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[bookmark: _Ref478113404]Figure 6.  Simulation results for Alt. 5 codebooks
5	Conclusions
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]The following observations and proposals have been presented in this contribution:
Observation 1:   Alternative 4 can be viewed as two panels with each panel utilizing an Alternative 3 codebook, combined using a multi-panel codebook approach.
Observation 2:   Alternative 2 defines a linear combination codebook which is a Type II codebook and is considered under the Type II feedback topic.
Observation 3:  For Alt.’s 1, 2, 3, and 5 beam patterns 2-1 and 4-1 perform the best for codebooks containing 2 and 4 beams, respectively, in .
Observation 4:  Alt.’s 1 and 2 provide no gain over the corresponding Alt. 3 codebooks.
Observation 5:  Alt. 5 provides consistent gains over the corresponding Alt. 3 codebooks, yielding about 1% in mean spectral efficiency and up to 4% at the cell edge.
Observation 6:  Alt. 5 requires two additional bits of overhead to achieve the gains over Alt. 3.
Proposal 1:  Support  Alt.’s 1 and 3 for the NR Type I codebook.
Proposal 2:  Support  Alt.’s 3 and 5 for further study for the NR Type I codebook.
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Appendix	

[bookmark: _Ref471471514]Table 2.  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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