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1. Introduction
In NR Adhoc, Jan. 2017 [1], the following agreement was made for NR:
Agreements:
· 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
Agreements:
· At least Type I CSI feedback should support multi-panel scenarios by choosing one of the two following alternatives:
· Alt1: only wideband co-phasing factor across panels
· Alt2: wideband and subband co-phasing factor across panels 
· At least the following criteria should be used:
· Performance-overhead tradeoff
· Description of design goal, e.g. for channel compensation or hardware impairments  
· FFS: How to capture this feature (co-phasing factor across panels) in codebook design
· Examples: in W3 with W1W2W3, W1W3W2 or W3W1W2 structure, W1W2 where multi-panel co-phasing is included in either W1 or W2
· Other examples are not precluded

In NR RAN1 #88, Feb. 2017 [2], the following agreement was made for NR:
Agreements:
· 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:


In this contribution, we share our view on NR type I codebook design.
2. Design Consideration
2.1. Single Panel Case
First of all, we provide performance evaluation for different grid of beam configurations, i.e. W1 structure. In the evaluations we have used grid of beams supported by LTE, where configuration 1 containing single beam in W1 was used for the performance reference. First of all, we evaluated 2D antenna array. Considered antenna port layout is as in below figure.
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Figure 1 2D Antenna Port Layout

Table 1 Performance of codebook configuration, 2D, Low Traffic
	Traffic Load (λ)
	Low (17)

	Codebook Configuration
	1
	2
	3
	4

	UE Average Packet Throughput, Mbps
	Average
	41.2 
	41.74 (1%)
	41.72 (1%)
	41.55 (1%)

	
	5% of CDF
	16.62
	16.64 (0%)
	16.85 (1%)
	16.75 (%)

	
	50% of CDF
	44.1
	45.25 (3%)
	45.74 (4%)
	45.15 (2%)

	
	95% of CDF
	55.78
	55.78 (0%)
	55.78 (0%)
	55.78 (0%)

	RU
	13.6%
	13.3%
	13.3%
	13.3%



Table 2 Performance of codebook configuration, 2D, Medium Traffic
	Traffic Load (λ)
	Medium (2.6)

	Codebook Configuration
	1
	2
	3
	4

	UE Average Packet Throughput, Mbps
	Average
	29.36
	29.96 (2%)
	29.62 (1%)
	29.53 (1%)

	
	5% of CDF
	8.7
	8.81 (1%)
	8.59 (-1%)
	8.48 (-3%)

	
	50% of CDF
	26.6
	27.47 (3%)
	27.03 (2%)
	26.99 (1%)

	
	95% of CDF
	55.48
	55.55 (0%)
	55.55 (0%)
	55.55 (0%)

	RU
	33%
	33%
	33%
	33%



Table 3 Performance of codebook configuration, 2D, High Traffic
	Traffic Load (λ)
	High (3.8)

	Codebook Configuration
	1
	2
	3
	4

	UE Average Packet Throughput, Mbps
	Average
	16.63
	16.78 (1%)
	16.32 (-2%)
	16.18 (-3%)

	
	5% of CDF
	3.32
	3.34 (1%)
	3.14 (-5%)
	3.11 (-6%)

	
	50% of CDF
	12.79
	13.01 (2%)
	12.42 (-3%)
	12.27 (-4%)

	
	95% of CDF
	44.72
	44.81 (0%)
	44.15 (-1%)
	43.51 (-3%)

	RU
	62%
	62%
	63%
	63%



As shown in the above tables, the configuration with grid of beam containing more than one beam does not provide significant gains over the baseline configuration, even degrades performance. 
Observation 1. For Type I single panel case, configuration 1 provides good performance. Other configuration does not show performance benefit in 2D array case.
Now, we show evaluation result of 1D antenna array. Considered antenna port layout is as in below figure.
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                                        (a) 16 ports                                                           (b) 32 ports
Figure 2 1D Antenna Port Layout

Table 4 Performance of codebook configuration, 1D, 16 Ports
	Traffic Load (λ)
	Low (1.7)
	Medium (3.1)
	High (4.3)

	Codebook Configuration
	1
	4
	1
	4
	1
	4

	UE Average Packet Throughput, Mbps
	Average
	40.87
	41.84 (2%)
	29.15
	30.07 (3%)
	16.19
	16.61 (3%)

	
	5% of CDF
	17.32
	17.73 (2%)
	8.59
	8.84 (3%)
	2.7
	2.68 (-1%)

	
	50% of CDF
	43.24
	45.34 (5%)
	26.2
	27.43 (5%)
	11.69
	12.1 (4%)

	
	95% of CDF
	55.78
	55.78 (0%)
	55.55
	55.55 (0%)
	46.5
	47.88 (3%)

	RU
	14.7%
	14.2%
	38.9%
	37.7%
	68.6%
	67.6%



Table 5 Performance of codebook configuration, 1D, 32 Ports
	Traffic Load (λ)
	Low (2.4)
	Medium (3.8)
	High (5.0)

	Codebook Configuration
	1
	4
	1
	4
	1
	4

	UE Average Packet Throughput, Mbps
	Average
	40.12
	41.03 (2%)
	30.58
	31.57 (3%)
	19.39
	20.3 (5%)

	
	5% of CDF
	16.21
	16.82 (4%)
	9.42
	9.62 (2%)
	3.6
	3.68 (2%)

	
	50% of CDF
	41.78
	43.65 (4%)
	27.83
	29.13 (5%)
	15.03
	15.94 (6%)

	
	95% of CDF
	55.78
	55.77 (0%)
	55.63
	55.63 (0%)
	54.19
	55.19 (2%)

	RU
	20.7%
	20.3%
	41.2%
	40.1%
	65.5%
	64.7%



As shown in the above tables, the configuration with grid of beam containing more than one beam does not provide significant gains over the baseline configuration. It shows small gain in high loading case. However, multiple beams in W1 significantly increasing UE complexity and CSI overhead and therefore should not be considered for NR specification.  Also note that beam broadening technique can be considered in this case.
Observation 2. Even for 1D array case, configuration 1 provides good performance considering overhead and complexity of UE. To handle narrow beamwidth of large number of antennas, beam broadening can be considered instead of different configuration.
Second, since linear combination codebook can be supported by Type II CSI, we propose to adopt Alt 3 for W1 structure with L=1 and W2 should be Alt 1.
Finally, the codebook structure may also support beam patterns with different beam width. For example the narrow beam PMIs may be required for low rank transmission to provide sufficient beamforming gain, while the need of supporting wide beam PMIs arises in the scenarios with higher rank transmission (e.g. 3-4 layers) to increase probability of the higher transmission rank selection without significant loss [2]. The use of widen beam may be also preferable in high mobility scenario for more robust selection of the precoding [4].  
Proposal 1. For Type I single panel case, two-stage, i.e. W1W2, codebook-based PMI feedback, where W1 consists of one vector (wideband), i.e. DFT beam or broadened beam (see equation) and W2 is constructed by co-phasing only (subband)

.
2.2. Multi-Panel Support
As agreed in 3GPP RAN1 #87 meeting, uniform, non-uniform array, calibrated and non-calibrated panels, different panels from same or different TRPs, coherent and non-coherent transmission are design considerations in NR CSI feedback or codebook. In order to have a unified codebook structure, we consider general array structure which covers both uniform array as well as non-uniform array as in below figure. 
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[bookmark: _Ref470873426]Figure 2 Considered Antenna Array Pattern
First of all, we propose to have co-phasing values among different panels. In some deployment or operational scenario, CSI-RS antenna ports spacing within CSI-RS resource can be non-uniform. For example, realizing large number of antennas using multiple RF modules which contains multiple antenna element is common implementation of large number of antennas. In this case, due to hardware implementation issue, the antenna spacing between two panels may not be the same as spacing between two antenna elements within a panel. In this case, there exists additional phase difference between different panels due to signal path length difference as well as mixer and PLL phase error. While phase difference caused by mixer and PLL phase error as well as non-uniform antenna distance can be compensated by wideband phase correction, the phase difference caused by different signal path delay should be compensated by frequency-selective phase correction. The effect of different signal path delay typically more pronounced for wide bandwidth and high frequency operation.
Proposal 2. Support subband co-phasing across panels in NR codebook design
Second, we propose different beam selection for different panels. The multiple panels deployed at the TRP side can be utilized for the data transmission to one UE. Depending on the beamforming selection on the antenna panels different MIMO transmission schemes can be realized. For example transmission with higher rank can be used to improve the peak data rate of the UE and may require different beam selection on the TRP antenna panels. The high gain / narrow beam (i.e. single narrow beam) transmission can be provided for coverage-limited UEs by using the same beamforming and joint precoding across TRP antenna panels.  Considering various beamforming options using multiple antenna panels, the beamforming on CSI-RS antenna ports as well as the codebook structure should be carefully designed to support all MIMO transmission schemes in the NR system. It should be noted that support of non-coherent precoding may be also beneficial to support some NR scenarios. More specifically, depending on implementation multiple antenna panels at the TRP may not be coherent to support joint precoding discussed above. In addition the panels can be deployed at the different TRPs to perform coordinated multi-point transmission to the UE. To support these scenarios, the codebook can be further enhanced to support independent beam selection on multiple CSI-RS antenna ports. In another approach multiple CSI-RS resources associated with different panels or beams can be used. Similar consideration can be done for CL-MU MIMO where each panel forms different direction beams toward different UEs. 
Proposal 3. Support different beam selection for different panel in NR codebook design
Third, in NR system with multiple (analog) beams, beam management and/or CSI feedback should support beam selection. In LTE, beam selection at the TRP is done by CSI feedback or using RRM measurements using DRS while, in NR, separate (analog) beam management protocol (P-1 to P-3) is considered. After beam management procedure, properly beamformed CSI-RS (based on UE feedback) is sent to UE to further calculate and feedback digital beamforming weights. Since one or more beams can be reported by the UE, it would be better to support some level of (analog) beam selection as well as digital beamforming (PMI) selection simultaneously in order to minimize feedback overhead otherwise individual CSI for different analog beamforming should be fed back to gNB. To this end, we can consider a panel selection codebook. UE can select antenna panels to calculate digital precoding weights as well as corresponding RI and CQI. Note that DPS can be done by the extended beam selection functionality as well.
Proposal 4. Consider panel selection functionality in NR codebook design
2.3. Type I Codebook Structure
In this sub-section, we propose a single codebook structure to support aforementioned functionalities, i.e. co-phasing between different panels, different beam selection for different panel, panel selection functionality, and beam broadening functionality. From the result in section 2.1, we propose to have L=1 which is number of DFT beams in W1 in case of single panel. Also, Type I codebook is targeting single user MIMO, we propose similar to LTE Rel. 13 codebook structure which is applying same beam for different polarization. Higher rank selection can be done by different beam selection in different panel or beam broadening function. In this case, we can have following codebook structure, where for simplicity, we show codebook structure without panel selection functionality:
The codebook structure is defined as product of two matrices:
W1W2
	where the parameters of the codebook are defined as follows:
· W1 is matrix that contains beams, where beams could correspond to DFT vectors or other vectors e.g. supporting beam broadening.
· W2 is matrix that contains co-phasing between different antenna panels/polarizations and additionally panel selection.
In more detail,



	Where the parameters of the codebook are defined as follows
· W1 is 2M∙N x 2N block diagonal matrix
· W2 is 2N x Ns matrix
· 
is K x L all zero matrix
· M is number of antenna ports per panel per polarization.
· N is number of antenna panel 
· Ns is number of spatial streams
· 
 is beam vector for i-th panel
· 
 is co-phasing vector between panels and/or polarizations for s-th spatial stream

Proposal 5. For Type I, two-stage, i.e. W1W2, codebook-based PMI feedback, W1W2, where W1 is matrix that contains beams for each panel and polarization (wideband) and W2 is matrix that contains co-phasing vectors between panels and/or polarizations (subband)
3. Conclusion
In this contribution, we discussed consideration on codebook design, and we proposed a general codebook structure to support various desired functionalities for NR.
Observation 1. For Type I single panel case, configuration 1 provides good performance. Other configuration does not show performance benefit in 2D array case.
[bookmark: _GoBack]Observation 2. Even for 1D array case, configuration 1 provides good performance considering overhead and complexity of UE. To handle narrow beamwidth of large number of antennas, beam broadening can be considered instead of different configuration.
Proposal 1. For Type I single panel case, two-stage, i.e. W1W2, codebook-based PMI feedback, where W1 consists of one vector (wideband), i.e. DFT beam or broadened beam (see equation) and W2 is constructed by co-phasing only (subband)

.
Proposal 2. Support subband co-phasing across panels in NR codebook design
Proposal 3. Support different beam selection for different panel in NR codebook design
Proposal 4. Consider panel selection functionality in NR codebook design
Proposal 5. For Type I, two-stage, i.e. W1W2, codebook-based PMI feedback, W1W2, where W1 is matrix that contains beams for each panel and polarization (wideband) and W2 is matrix that contains co-phasing vectors between panels and/or polarizations (subband)
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Appendix

Table 6 Simulation Assumption
	Parameter
	Value

	Scenario
	Dense urban

	Layout
	Single layer: Macro layer: Hex. Grid

	Channel model
	3D UMa, ISD = 200 m

	Carrier frequency
	4 GHz

	Simulation bandwidth
	10 MHz

	Tx power
	BS: 41 dBm

	UE distribution
	Uniform 20% outdoor (30 km/h), 80% indoor (3 km/h)

	UE antenna configuration
	2 Rx X-pol, slant 0/90 degrees 

	Traffic model
	FTP 1

	TRP association
	RSRP based
Handover margin = 3dB

	Channel estimation 
	Ideal 

	Interference covariance estimation
	Ideal

	Transmission mode
	DM-RS based SU-MIMO
Maximum rank of transmission is 2

	Scheduling
	Proportional Fair

	OLLA
	10% BLER target

	Elevation beamforming
	One vertical beam per TXRU electrically down-tilted to 100 degrees

	UE receiver
	MMSE-IRC

	UE noise figure
	9 dB

	Max HARQ transmissions
	4
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