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1	Introduction
At the last RAN1#88bis, the following agreement was reached regarding Type I CSI feedback [1]:
· Companies are encouraged to simulate the following to compare L=1, L=4 (at least for rank 1)
· 4,8,16,32 ports
· CSI-RS channel estimation impairments modeled
· {Umi, UMa}
· (M,N)=[(4,2) (8,2) (8,4) (8,8) (8,16)] for Q=4,8,16,32 ports; dual polarized array (P=2) 
· Nh,Nv=(2,1),(2,2),(4,2),(8,2),(16,1)
· Nh=# of ports in horizontal domain
· Nv=# of ports in vertical domain
· O1,O2=(4,4), (8,8), [(4, 8)], [non-uniform sampling]
· At least RU=50%, 70%; other RU values are not precluded
· 2 UE receive antennas
· For Type I and II Cat1 (if Cat1 is supported) single panel codebooks ( structure):
· The exact design of  is to be decided in RAN1#89 for both Type I and Type II Cat1 (if Cat1 supported)
· For W1 codebook, companies are encouraged to perform more evaluations comparing the different alternatives
· For Type I: Study further the values of L among L=1 and L= 4, at least for rank 1

In this contribution, we investigate aspects of the NR Type I CSI codebook design and make proposals for this codebook based on these investigations.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]2	Description of Rank 1 and 2 Codebooks
In our contribution to RAN1#88bis [2], we described a rank 1 and 2 codebook design based on W1 Alternative 5 and similar designs for Alternatives 1, 2, and 3.  In this contribution, focus on the Alternative 3 and 5 designs from [2] as well as additional designs based on Alternative 3.  We consider designs for both L=1 and L=4 beams per polarization, where the L=4 designs use beam pattern 4-1.
The fundamental change in the additional Alt. 3 design is the addition of orthogonal beam options for the rank 2 codebook.  For this contribution, it will be known as the “expanded Alt. 3” codebook.  For L=1, a single beam is freely chosen from the two-dimensional DFT grid so that the beam indices are  and  where .  The beam indices are selected wideband.  For rank 1, the co-phasing is QPSK and is selected by subband (2 bits/subband).  For rank 2, the beam indices for the first layer are given by .  For the second layer, the beam indices are , where  (assuming ) indicates either the same beam for the second layer or one of three orthogonal beams.   and  are selected wideband (2 bits).  The co-phasing for rank 2 is also QPSK, but it is chosen to ensure orthogonality of the two layers.  That is, 
,
where  and c is selected by subband (1 bit/subband).
The codebook for L=4 is similar to the L=1 case, except beam pattern 4-1 is used with beam separation .  In this case, the beam indices are  and , where  and  select the beam location within the beam pattern and .  The indices  are selected wideband and  are selected by subband (2 bits/subband).  For rank 1, the co-phasing is QPSK and is selected by subband (2 bits/subband).  For rank 2, the beam indices are given by  for the first layer and  for the second layer, where  and  are selected as in the L=1 codebook (2 bits wideband).  Co-phasing is identical to the L=1 rank 2 codebook (1 bit/subband).
We also consider several variations on the Alt. 3 codebooks.  The first variation omits the orthogonal beam option from the rank 2 case of the expanded Alt. 3 codebook.  That is, .  This codebook is identical to the original Alt. 3 design in [2].  The second and third variations add additional options to the rank 2 codebook where the beam location within the beam pattern may vary by layer.  For both variations,  and  become  and  for layer .  To avoid redundancy in the beam selection, .  The co-phasing in the second variation is given by

The subband overhead in this variation is a total of 4 bits/subband since there are 8 options when  and  plus 6 options otherwise.  In the third variation, the co-phasing is simply , yielding 5 bits/subband (8 options when  and  plus 12 options otherwise).
3	Rank 1 and 2 Performance Results
The simulations were performed in a 3D UMi environment using a bursty traffic model with a file size of 0.5 Mbytes and an offered load of 14 Mbps.  Data transmissions used rank adaptive MU-MIMO with a maximum UE rank of 2.  Additional simulation parameters may be found in Table 1.  The gNB has 16 antenna ports with  and , and all codebooks use oversampling factors of .  The results for L=1 are compared to the Rel-13 Config 1 codebook.  Results for L=4 are compared to an expanded version of the Rel-13 Config 2 codebook (which conforms to  Alt. 3) where all possible pairs of beams may be chosen for rank 2.  When the beams are different, all combinations of QPSK co-phasing is allowed.
The first set of simulations look at the performance potential of the  Alt.’s 1, 2, 3, and 5 by placing no constraints on the beams in , , and , except for the beam pattern.  For L=1, the beam in  (Alt. 3) and  (Alt.’s 1, 2, and 5) is selected freely from the beams in the 2-D DFT grid.  For the Alt. 1, 2, and 5 codebooks, the beam in  is also selected freely and not constrained by the clusters defined in [2].  This gives the  matrix maximum flexibility in order to determine the potential of the various alternatives.  When L=4, beam pattern 4-1 is used and its location in the 2-D DFT grid for , , or  is chosen freely ().  Again, this gives the  matrix maximum flexibility.   is the same for all four alternatives.  For rank 1, the beam pattern location is the same for both polarizations (though the beam may be different in Alt.’s 1, 2, and 5) with QPSK co-phasing.  For rank 2, the beam pattern location is the same for both polarizations in a given layer, but may be different for each layer. When the beams are the same in each layer, co-phasing is QPSK with  constrained to be orthogonal.  When the beams are different, co-phasing includes all combinations of QPSK symbols.  Note that these codebooks are too large to be practical, but are used to provide a reasonable upper bound on the performance of the codebook alternatives to show their potential.
The relative spectral efficiency for L=1 and L=4 are shown in Figure 1 and Figure 2, respectively.  In both cases, Alt. 5 has the best cell edge performance.  Alt. 5 also has the best mean spectral efficiency performance, except when L=1 where the performance of Alt. 1 is better by 1%.  However, due to the superior performance at the cell edge, Alt. 5 can be considered the alternative with the most potential.
Observation 1:   Alternative 5 shows the greatest performance potential.
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[bookmark: _Ref481784064]Figure 1.  Comparison of W1 codebook alternatives with L=1 and unconstrained B2 selection.
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[bookmark: _Ref481784074]Figure 2.  Comparison of W1 codebook alternatives with L=4 and unconstrained B2 selection using beam pattern 4-1.
The next set of results compares  Alt.’s 1, 2, 3, and 5 with a more practical  design.  For L=1, the beam location for  and , is still chosen freely () from the DFT grid.  However, for Alt.’s 1, 2, and 5,  is now determined using cluster 0 as defined in [2] with cluster shifts of (1,1).  Co-phasing is the same as used in the unconstrained  simulations.  The simulation results are shown in Figure 3 for L=1 and L=4.  Here, we see that Alt. 5 still yields the best overall performance, but the gains over the other alternatives are smaller than seen in the potential performance.
Observation 2:  In a more practical  design, Alternative 5 continues to have the best overall performance.
[image: ][image: ]
[bookmark: _Ref481786404]Figure 3.  Comparison of W1 codebook alternatives with L=1 (top) and L=4 (bottom) using Cluster 0 for Alt.’s 1, 2, and 5.
We now consider the effect of beam separation  on codebook performance for L=4 in  Alt. 3 and Alt. 5.  The codebooks used for these results are the codebooks used in the potential performance simulations but setting  to (1,1), (2,2), and (4,4).  Results are shown in Figure 4 for Alt. 3 and Figure 5 for Alt. 5.  In both cases, we see that the performance drops as the beam separation increases, dropping considerably when the separation increases to four where the beams become orthogonal.
Observation 3:  With beam pattern 4-1, performance decreases as the beam separation increases above , dropping considerably when the beams become orthogonal.
Proposal 1:  For L=4, the NR Type I codebook should support a beam separation of .
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[bookmark: _Ref481787736]Figure 4.  Alternative 3 codebook performance as beam separation varies.
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[bookmark: _Ref481787750]Figure 5.  Alternative 5 codebook performance as beam separation varies.
We now address several aspects of the expanded Alt. 3 codebook design.  First of all, we consider the effect on performance due to the addition of the orthogonal beams selections in the rank 2 codebook.  We simulated the expanded Alt. 3 codebook and a modified codebook where the orthogonal beam selections are not present.  As a result, the modified codebook has two fewer wideband bits of overhead.  The SINR CDF’s are shown for L=1 and L=4 in Figure 6 and Figure 7, respectively.  The CDF’s can be seen to match very closely for both L=1 and L=4.  A summary of statistics from the CDF’s are shown in Table 1 where the mean and 5, 50 and 95th percentiles are seen to differ by less than 0.2 dB.
Observation 4:  Expansion of Alternative 3 with orthogonal signals yields little difference in performance.
[image: ]
[bookmark: _Ref481825250]Figure 6.  Effect of expansion of Alternative 3 with orthogonal signals when L=1.
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[bookmark: _Ref481825256]Figure 7.  Effect of expansion of Alternative 3 with L=4, but with fewer subband bits.
[bookmark: _Ref481827841]Table 1.  Summary statistics from SINR CDF’s comparing codebooks with and without orthogonal signal extensions
	Statistic
	L=1
	L=4

	
	With
	Without
	With
	Without

	5%-ile
	5.21 dB
	5.02 dB
	5.61 dB
	5.42 dB

	50%-ile
	13.60 dB
	13.59 dB
	13.90 dB
	13.88 dB

	95%-ile
	29.92 dB
	30.05 dB
	30.00 dB
	30.14 dB

	Mean
	15.33 dB
	15.27 dB
	15.58 dB
	15.53 dB



We now turn our attention to .  In particular, we consider the subband feedback for the rank 2 Alt. 3 codebook with L=4.  The codebook has been designed with beam separation of  and  using beam pattern 4-1.  The rank 1 codebook employs two bits/subband for beam selection (the same beam for both polarizations) and 2 bits/subband for QPSK co-phasing.  The rank 2 codebooks employ the second and third variations described in Section 2 with 4 and 5 bits/subband for beam selection and co-phasing (using the same beam for both polarizations within a single layer).  The final codebook uses 7 bits/subband for beam selection and co-phasing where arbitrary QPSK co-phasing is used on both layers when the selected beams for the two layers are different.  The 7 bits/subband codebook can be considered the maximum size for  and used to gauge the performance loss when reducing the number of subband feedback bits.  The simulation results for these Alt. 3 codebooks are shown in Figure 8, which shows a performance loss of about 1.25% with 5 bits/subband and 2.5% with 4 bits/subband.  These losses are reasonable for reducing the subband overhead and, with 4 bits/subband match the subband overhead in the rank 1 codebook.
Observation 5:  Alt. 3 performance loss with L=4 is ~2.5% as rank 2 subband feedback is reduced from 7 bits to 4 bits per subband.
[bookmark: _GoBack]Proposal 2:  Support 4 bits per subband feedback for rank 1 and 2 codebooks with L=4.
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[bookmark: _Ref481833631]Figure 8.  Performance of Alt. 3 codebook using beam pattern 4-1 with variable number of subband feedback bits.
Collecting our results and observations, we propose a rank 1 and rank 2 Type I codebook based on  Alt. 5 as follows:
Proposal 3:  Adopt the following codebook for NR Type I, ranks 1 and 2:
 is based on Alt. 5 which has the form:
.
 is further defined by:
,
 (applies to L=4), and using Cluster 0 [2] with cluster shifts of (1,1).  It is FFS whether the cluster should vary with the antenna port configuration .  When L=1,  is:

where  and .  When L=4,  is:

where  is an L by 1 unit vector containing a single 1 in the (k+1) position.  For rank 1,  and .  For rank 2,  with  and
.
In all cases,  feedback is reported wideband and  feedback can be per subband.  The number of beams, L, is configurable.
The overhead of the proposed rank 1 and 2 codebook is summarized in Table 2.
[bookmark: _Ref481838515]Table 2.  Summary of overhead used by the proposed Rank 1 and 2 codebooks
	
	L=1
	L=4

	Rank 1
	WB:  +2 bits
	WB:  +2 bits

	
	SB:  2 bits/subband
	SB:  4 bits/subband

	Rank 2
	WB:  +2 bits
	WB:  +2 bits

	
	SB:  1 bit/subband
	SB:  4 bits/subband



4	Codebook design for Ranks 5-8.
For ranks 5-8, we propose the following codebook which is based on  Alt. 3 and  Alt. 1 (where  performs co-phasing for each pair of layers.
Proposal 4:  Adopt the following codebook for ranks 5-6:
For ranks 5 and 6, define 2D DFT beam index: 
· The value of L is fixed to 3 for rank 
· Calculation and reporting of  is wideband, ;  ( bits)
 for rank 
,   (polarization),  (layer)
·  is an oversampled 2D DFT beam of length-
· Orthogonal beams within beam group (0 bits):
· For : 
;
;
;
· For : 
;
;
;
· 
· Calculation and reporting of n can be subband (1 bit/subband)

Proposal 5:  Adopt the following codebook for ranks 7-8:
For ranks 7 and 8, define 2D DFT beam index: 
· The value of L is fixed to 4 for rank 
· Calculation and reporting of  is wideband, ;  ( bits), where

 for rank 
,   (polarization),  (layer)
·  is an oversampled 2D DFT beam of length-
· Orthogonal beams within beam group (0 bits):
· For : 
;
;
;
;
· For : 
;
;
;
;
· 
· Calculation and reporting of n can be subband (1 bit/subband)
The overhead of the proposed rank 5-8 codebook is summarized in Table 3.
· [bookmark: _Ref481839928]Table 3.  Summary of overhead used by the proposed Rank 1 and 2 codebooks
	Ranks 5-6
	WB:   bits

	
	SB:  1 bit/subband

	Ranks 7-8
	WB:   bits

	
	SB:  1 bit/subband



where N and M depend on .
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 5 shows the greatest performance potential.
Observation 2:  In a more practical  design, Alternative 5 continues to have the best overall performance.
Observation 3:  With beam pattern 4-1, performance decreases as the beam separation increases above , dropping considerably when the beams become orthogonal.
Proposal 1:  For L=4, the NR Type I codebook should support a beam separation of .
Observation 4:  Expansion of Alternative 3 with orthogonal signals yields little difference in performance.
Observation 5:  Alt. 3 performance loss with L=4 is ~2.5% as rank 2 subband feedback is reduced from 7 bits to 4 bits per subband.
Proposal 2:  Support 4 bits per subband feedback for rank 1 and 2 codebooks with L=4.
Proposal 3:  Adopt the following codebook for NR Type I, ranks 1 and 2:
 is based on Alt. 5 which has the form:
.
 is further defined by:
,
 (applies to L=4), and using Cluster 0 [2] with cluster shifts of (1,1).  It is FFS whether the cluster should vary with the antenna port configuration .  When L=1,  is:

where  and .  When L=4,  is:

where  is an L by 1 unit vector containing a single 1 in the (k+1) position.  For rank 1,  and .  For rank 2,  with  and
.
In all cases,  feedback is reported wideband and  feedback can be per subband.  The number of beams, L, is configurable.
Proposal 4:  Adopt the following codebook for ranks 5-6:
For ranks 5 and 6, define 2D DFT beam index: 
· The value of L is fixed to 3 for rank 
· Calculation and reporting of  is wideband, ;  ( bits)
 for rank 
,   (polarization),  (layer)
·  is an oversampled 2D DFT beam of length-
· Orthogonal beams within beam group (0 bits):
· For : 
;
;
;
· For : 
;
;
;
· 
· Calculation and reporting of n can be subband (1 bit/subband)
Proposal 5:  Adopt the following codebook for ranks 7-8:
For ranks 7 and 8, define 2D DFT beam index: 
· The value of L is fixed to 4 for rank 
· Calculation and reporting of  is wideband, ;  ( bits), where

 for rank 
,   (polarization),  (layer)
·  is an oversampled 2D DFT beam of length-
· Orthogonal beams within beam group (0 bits):
· For : 
;
;
;
;
· For : 
;
;
;
;
· 
· Calculation and reporting of n can be subband (1 bit/subband)
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Appendix	

[bookmark: _Ref471471514]Table 3.  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
	FTP Model 1 with packet size 0.5 Mbytes, 14 Mbps offered load (targeting 50% RU)

	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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