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Introduction
At the RAN1#88b meeting [1], CSI Type II feedback was discussed and the followings were agreed.
	Agreements:
· Study mechanisms targeting efficient use of peak and/or average CSI overhead for CSI feedback Type II.
· For Category I, e.g.
· Mechanism 1: Frequency selective precoding feedback with delay-related parameter(s) (e.g. R1-1704884, R1-1705927)
· Mechanism 2: Differential CSI reporting in time domain h(e.g. R1-1705349, R1-1705588)
· Mechanism 3: Uneven quantization bit allocation for the beam amplitudes or/and phases (e.g. R1-1705076)
· Mechanism 4: Matrix quantization considering inter-layer orthogonality for W2(e.g., R1-1704408)
· Note: performance should be also considered for overhead reduction 
· Other examples are not precluded. 
Agreements:
· 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
Agreements:
· For Type II CSI feedback (Cat 1, if supported), at least rank 1 and rank 2 are supported
· FFS other ranks
· For beam selection:
· Support at least unconstrained beam selection from orthogonal basis
Agreements:
· FFS to support a common design of W2 for Cat. 1, Cat. 2 and Cat. 3 
· FFS for Cat. 3, W2 only feedback is allowed
· FFS amplitude feedback for W2 (e.g., wideband, subband, etc.)
· Note: this does not mean NR supports all three categories
· FFS whether or not to merge Category 1 and Category 3 using a unified codebook formulation


In this contribution, we discuss in more details about the Type II CSI feedback for NR MIMO.
NR Type II Codebook Structure
Among the three categories of candidate Type II codebook structures, Category 1 and Category 2 are for quantizing the entire channel matrix, with different representations. In the following, we compare these two categories in detail.
Suppose the original channel matrix of user k is denoted as: . A full set of -dimensional basis can be expressed as:  where .
Using category 1, the channel quantization can be done as follows.

The  dimensional matrix  can be quantized element-wise, with amplitude and phase quantization. Several ways exist to further reduce the computational complexity and the feedback overhead. 
The first way is to reduce the dimension on the right hand side of  by limiting the number of orthogonal basis in . Defining  to contain a subset of orthogonal basis. 

The second way is to reduce the dimension on the left hand side of   by introducing receiving combination vectors , e.g.,  can be achieved by doing the singular value decomposition of the channel matrix.

Using category 2, the channel quantization is based on the channel covariance matrix .

The  dimensional matrix  can be quantized element-wise, with amplitude and phase quantization. Similar to the methods in category 1, it is possible to further reduce the computational complexity and the feedback overhead, e.g., by limiting the number of basis to L. 
Based on the above described possible implementations of category 1 and category 2 methods, it can be seen that both categories achieve very similar effect, i.e., achieve reduced dimension representation of the TX side channel properties with -dimensional orthogonal basis. In that sense, it is desired to make down selection between category 1 and category 2. 
Proposal 1: Down selection between category 1 and category 2 for CSI feedback type II.
By roughly comparing category 1 and category 2, if an L-beam basis set is chosen for quantization, the feedback overhead can be roughly calculated as follows.
Table I: Overhead comparison between category 1 and category 2
	Overhead
	Category 1
	Category 2

	Amplitude
	
	

	Phase
	
	


Detailed comparison, with respect to computational complexity and feedback overhead, shall be made after choosing the suitable parameter values for R and L. The value of R and L depends on the channel characteristics and shall be obtained by system level evaluations. 
Type II CSI feedback category 3 was proposed mainly for supporting the hybrid CSI feedback. It can be regarded to provide a complementary LTE-Class-B-type-like operation. Therefore, category 3 shall be supported in general. Details of category 3 design can be discussed after the down-selection between category 1 and category 2. And it is desired that the design of either category 1 or category 2 shall support the category 3 operation.
Proposal 2: Select between category 1 and category 2, which can support category 3 operation.
As discussed above, down-selection between category 1 and category 2 depends on the key parameter R and L. Especially, the parameter L is a common parameter for both schemes, although it may not be necessary for both schemes to follow the same value of L to achieve similar performance. Before discussing the detailed value of L, it may worthwhile discussing the scheme to select L beams from the entire -dimensional orthogonal beam basis. 
In general, the selection of the L beams can be done in two steps. In the first step, a leading beam is selected which contains the most dominant channel direction information. The selection of the leading beam can be based on the Type I CSI like procedure, i.e., the leading beam is selected from an over-sampled grid of 2D-DFT beams. Once the leading beam is fixed. The orthogonal beam basis is determined.
In the second step, L-1 combined beams shall be selected from the identified orthogonal beam basis. There are at least the following schemes to select the L-1 combined beams.
Alt. 1: free selection of L beams independently from the entire -dimensional orthogonal beam basis.
Alt. 2: free selection of L beams independently from a reduced -dimensional orthogonal beam basis with  beams.
Alt. 3: select L beams based on one of the pre-configured beam groups, as illustrated in Figure 1, where each beam group contains L beams with certain beam pattern.
Alt. 4: hybrid scheme where L1 beams are selected from pre-configured L1-beam beam groups, and L2=L-L1 beams are selected freely. 
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Fig. 1(a) Beam pattern with beam group (2,2)          Fig. 1(b) Beam pattern with beam group (4,2)
Figure 1: Illustration of beam group patterns.
Free selection of the beams can naturally provide the best performance. However, it may introduce higher complexity and larger feedback overhead. Selecting from fixe beam groups may limit the performance, but reduce the complexity and overhead. In order to identify the best way for beam selection, it is necessary to study the channel characteristics. For that purpose, we assume free selection of the combined beams and study the relationship between the combined beams with respect to the leading beam. The evaluation results are shown in Figure 2, where N1 is the antenna port number in vertical dimension, N2 is the antenna port number in horizontal dimension. In the figures, leading beam are located at position (1,1). Combined beam can be the same beam with leading beam because co-phase between two polarizations are considered. From the results, we can have the following observations.
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Figure 2: Beam selection probabilities.
Observation 1: There is a high probability that the combined beams are around the leading beam.
Observation 2: Certain portion of the combined beams are scattered arbitrarily in the orthogonal basis.
Based on the observations, we propose that:
Proposal 3: For the selection of L beams, support a hybrid scheme where L1 beams are selected from pre-configured L1-beam beam groups, and L2=L-L1 beams are selected freely.
To verify the effectiveness of the hybrid beam selection scheme, we compare the MSE between different beam selection schemes. For simplicity, in following illustrations, scheme 1 represents free beam selection among beam group (2,2), scheme 2 represents free beam selection among beam group (4,2), scheme 2 represents hybrid beam selection, scheme 4 represents free beam selection from the entire -dimensional orthogonal beam basis. In hybrid beam selection scheme, for L=2 beams case, we choose leading beam freely and the combined beam is selected from the pre-configured beam pattern. For L=4 beams case, after the leading beam is selected, two beams are selected from pre-configured beam group and one beam is selected freely. The detailed evaluation assumptions can be found in the appendix.
In the evaluation, the quantized channel matrix is represented by orthogonal DFT vectors which are identical to the vectors in Rel.13 codebook. They can represent different beams. The quantization error is calculated by MSE between channel matrix and the quantized channel matrix. The antenna array is (M, N, P, Mg, Ng) = (8, 8, 2, 1, 1), which is virtualized to antenna ports (N1, N2, P) = (4,4,2) and (N1, N2, P) = (2,8,2). We compare the quantization error for different DFT vector numbers, L=2 and L=4 and different antenna port layout: (N1, N2, P) = (4,4,2) and (N1, N2, P) = (2,8,2).
[image: ]   [image: ]
Fig. 3(a): MSE calculation for L=2 and L=4            Fig.3(b): MSE calculation different antenna port layouts
Figure 3: MSE calculation for different beam selection schemes
From the two figures above, it can be observed that the MSE for scheme 3 is quite close to scheme 4 in both L=2 and L=4 case. For both (N1, N2, P) = (4,4,2) and (N1, N2, P) = (2,8,2) antenna port layouts, MSE for scheme 3 and scheme 4 performs close.
Beam selection probability is calculated for scheme 3 and scheme 4, which is illustrated in Figure 4.
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Fig. 4(a): combined beam distribution for scheme 3      Fig.4(b): combined beam distribution for scheme 4
Figure 4: Combined beam distribution for different beam selection schemes
From Figure 4, it can be observed that combined beam selection probability for scheme 3 and scheme 4 are close. 
We compare the overhead for hybrid beam selection scheme and free beam selection scheme in Table II. We assume (N1, N2) = (4,4) and (O1, O2) = (8,4) in this overhead calculation. Free beam selection scheme is equivalent to L1=1, L2=3 with respect to hybrid beam selection scheme, which means all the combined beams are free selected, e.g., for L=4 case, 3 combined beams are free selected.
Table II Overhead calculation for free beam selection scheme and hybrid beam selection scheme
	Scheme
	Number of beams
	Payload for W1(bits)

	
	L
	L1
	L2
	Leading beam
	Pattern selection
	Free selected
	Total

	Free beam selection
	2
	1
	1
	9
	0
	4
	13

	Hybrid beam selection 
	
	1
	1
	9
	0
	4
	13

	Free beam selection
	4
	1
	3
	9
	0
	9
	18

	Hybrid beam selection
	
	3
	1
	9
	2
	4
	15


From Table II we can observe that for L=4 beam case, by adopting hybrid beam selection beam scheme, 3 bits can be save for W1 construction compared with free beam selection scheme, which is up to 16.7% overhead reduction for wideband feedback.
For NR Type II feedback, more details should be considered for quantization resolution. The quantization resolution includes number of beams for linear combination, the quantization resolution for amplitude and phase, the feedback granularity like wideband or sub-band, etc. In LTE Rel. 14, advanced CSI focuses on two orthogonal beam combination case, the quantization for amplitude and phase each requires 2 bits, which may limit the performance gain compared with more beams combination and higher quantization resolution case. However, high resolution like more than two beams selection and combination, and 8-PSK quantization for phase will bring high payload. So the feedback resolution should be carefully studied to balance the overhead and performance.
Proposal 4: For NR Type II feedback design, study the quantization resolution including beam number, quantization resolution for amplitude and phase.
Considerations on Type II Feedback
During the feedback discussion, there is a certain level of consensus that Type I CSI feedback design targets at basic closed loop MIMO operation, e.g., SU-MIMO with low feedback overhead. Considering the tradeoff between the performance and feedback overhead, it is desired to enable dynamic switching between Type I and Type II CSI feedback.
One possible NR feedback design is that Type I is based on beam selection based codebook and Type II is based on beam combination based codebook. In this case, it can be further considered that the beam selection based codebook is a special case of beam combination based codebook where the number of “combined” beam is 1. It is desired to design a common framework to accommodate both types of codebook. For example, it may be possible to unify the wideband and long-term beam group selection. More specifically, if we consider the LTE dual-stage based codebook W=W1W2, we may consider to unify the design of W1 and have two different W2 codebooks for two types of codebook. From the feedback point of view, such a design can enable a modular design of the feedback components, e.g., including, PMI1 for W1, a first PMI2 for beam selection, additional contents for beam combination. 
Proposal 5: Strive to unify the codebook design and the feedback design for beam selection based codebook and beam combination based codebook.
Type I CSI feedback aims at one beam selection for each layer while Type II CSI feedback aims at beam combination which better reflects multi-path feature of channel, thus bring higher performance. Meanwhile, Type II CSI feedback need larger payload for CSI information feedback. For instance, Type I CSI needs to feedback RI for rank adaption, PMI (PMI1 and PMI2) for beam selection and CQI for link adaption, while Type II CSI feedback needs to feedback beam combination information, which means more than one beam indexes should be included in PMI feedback, and RI, CQI information. Besides more beam indexes, PMI for Type II CSI feedback also involves beam power for combined beam (if leading beam power is reference value ‘1’), phase (relative to leading beam) for combined beam. That means Type II CSI feedback needs high overhead. One observation is that the leading beam for Type II CSI feedback can be the beam selected in Type I CSI feedback, in that sense, Type I CSI feedback can be part of Type II CSI feedback, making unified Type I and Type II CSI feedback possible.
Unifying Type I CSI feedback and Type II CSI feedback is benefitial for overhead reduction, i.e., if Type I is selected, the extra feedback information for combined beams can be avoid, which can save unnecessary feedback overhead. If Type II CSI feedback type is selected, Type II CSI feedback information can be separated into, generally, two parts, one part is Type I CSI feedback information, another part is complementation information for complete Type II CSI feedback, which is illustrated in Figure 5.


Figure 5: Unified Type I and Type II CSI feedback design
Proposal 6: Strive to unify the Type I and Type II feedback design for NR.
Regarding the feedback configuration, there is selection from either Type I or Type II, which stand for different feedback resolutions and lead to different performances. The selection from the two feedback types can be done by gNB or UE. From the performance point of view, UE choosing or recommending the feedback type is preferred. The reason is that UE performs channel estimation and feeds back channel state to gNB, which means UE knows the channel state better. In the case high resolution feedback performing close to low resolution feedback, low resolution feedback is preferred for the low payload. In that case, UE can choose and report the CSI feedback type (by CTI) together with other feedback information, e.g., RI to reduce overhead or, it can be feedback alone. Likewise, when the channel state is proper, UE can recommend gNB perform high resolution beamforming to obtain performance gain.
In this scheme, UE feedback CTI firstly, which may take 1 bit to indicate the following feedback information belonging to Type I or Type II. For instance, the corresponding relationship between CTI and feedback type is ‘0’ means Type I is selected and ‘1’ means Type II is selected. In this scheme, UE report the CSI feedback Type to gNB, so the following information of corresponding CSI Type can be derived. Type I and Type II CSI feedback has different CSI information, e.g., Type II CSI feedback need to feedback more than one beam indexed and corresponding beam power level, phase and co-phase information for combined beams, thus Type II CSI feedback has larger overhead than Type I. By new feedback type CTI, if Type I feedback is selected, there is no need to report complete information for Type II. 


Figure 6: CSI Feedback Type Selection by CTI
At the RAN1#87 meetings, it was agreed to study UE assisted/selected CSI report settings [2], as follows.
	Agreements:
· Study the benefit of involving UE in selecting CSI report setting based on its measurement. 
· CSI report setting may include the granularity of spatial domain (e.g. rank and beam(s) selection) and frequency/time domain (e.g. wideband/subband or subband size).
· Including of other domains are not precluded. 
· UE selection is under certain constraint configured by network. (same as LTE)
· Study UE assisted/selected CSI report setting, with the following use cases:
· Example-1: UE may recommend the best CSI report setting/s to help network configure CSI feedback. (Network can overwrite UE’s recommendation) 
· Example-2: Network can configure multiple candidate CSI report settings for UE to select, and UE indicates its selection along with CSI report (e.g. “Enhanced” RI can be used for UE to indicate its selection)
· Others are no precluded
· Note: LTE actually support multiple types of UE selected feedback “format”:
· RI (may change the payload of the CSI)
· CRI (may change the payload of the CSI)
· Orthogonal beam pattern for Rel. 13 Rank 3-4 codebook (no impact on the payload of the CSI)


Given that the Type I and Type II CSI feedback may share similar codebook structures and it is beneficial that the UE can choose between Type I or Type II CSI considering the tradeoff between performance and feedback overhead, the following is proposed.
Proposal 7: Support UE selected CSI reporting setting of the CSI type.
For Type II only CSI feedback, we have also considerations on overhead reduction. As UE needs to feedback beam power information for combined beams in Type II CSI feedback, if beam power includes value zero, the beam power can be feedback before beam index feedback, e.g., beam power feedback together with RI or feedback alone but with higher priority compared to beam index feedback, which is showed in Figure 7. Either beam power is feedback together with RI or feedback alone, it is separately feedback with beam index information. By this means, if beam power for combined beam is zero, there is no need to feedback corresponding beam index, phase and co-phase information. By adjusting the feedback priority of beam power without adding any extra payload, feedback overhead for Type II can be adaptive, which, in a manner, helps to reduce unnecessary overhead.


                      
	Fig.7(a) Beam power feedback with RI           Fig.7(b) Beam power feedback alone
	Figure 7: Beam Power feedback scheme for overhead reduction	
There is one replaceable solution for beam power feedback which aims for overhead reduction. For the beam with beam power zero, the case is equivalent to this beam is not used for beam combination in Type II CSI feedback, i.e., beam number is reduced. In that sense, we can consider feedback beam number instead of feedback all beam power. For instance, if the UE is expected to feedback 4 beams but two of them are scaled to beam power ‘0’, UE can feedback beam number 2 and corresponding beam indexes and phase information, which can also helps to reduce payload.
Either separately feeding back beam power with beam index or feeding back beam number information can be taken into consideration in Type II CSI feedback for overhead reduction.
Proposal 8: Use beam power or beam number report to control the Type II feedback overhead.
In LTE, CSI feedback can be transmitted on both PUCCH and PUSCH. Periodic CSI feedback can be carried by PUCCH to supply robust transmission. However, the capacity of periodic CSI feedback is limited by the capacity of PUCCH. Aperiodic CSI feedback can be carried by PUSCH which is triggered on demand. The capacity of aperiodic CSI feedback is not so limited as periodic feedback, but aperiodic CSI feedback may cause signalling payload when it is triggered frequently. In NR, Type I and Type II feedback will be supported, considering the feedback overhead, robustness and configuration flexibility, CSI feedback on both PUCCH and PUSCH should be studied. 
Summary
In this contribution, we discuss the codebook design requirement for NR. Based on the discussion, we have the following observations and proposals.
Proposal 1: Down selection between category 1 and category 2 for CSI feedback type II.
Proposal 2: Select between category 1 and category 2, which can support category 3 operation.
Proposal 3: For the selection of L beams, support a hybrid scheme where L1 beams are selected from pre-configured L1-beam beam groups, and L2=L-L1 beams are selected freely.
Proposal 4: For NR Type II feedback design, study the quantization resolution including beam number, quantization resolution for amplitude and phase.
Proposal 5: Strive to unify the codebook design and the feedback design for beam selection based codebook and beam combination based codebook.
Proposal 6: Strive to unify the Type I and Type II feedback design for NR.
Proposal 7: Support UE selected CSI reporting setting of the CSI type.
Proposal 8: Use beam power or beam number report to control the Type II feedback overhead.
Observation 1: There is a high probability that the combined beams are around the leading beam.
Observation 2: Certain portion of the combined beams are scattered arbitrarily in the orthogonal basis.
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Appendix
[bookmark: _Ref394499956]Table A: Evaluation assumptions
	Parameter
	Values

	Scenarios
	NR Urban macro

	Traffic model
	Full buffer

	Carrier frequency
	4 GHz

	Bandwidth
	10 MHz (Downlink)

	BS Tx power
	49 dBm

	BS antenna configurations
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1),
(dH, dV) = (0.5, 0.8) 
(N1,N2)=(2,8),(4,4)

	UE antenna configurations
	(M, N, P) = (1, 1, 2)

	UE number per TRP
	10 

	UE distribution 
	80% indoor, 20% outdoor

	UE attachment 
	Based on RSRP from CRS BS port 0 

	UE antenna pattern
	Omni-directional

	UE velocity
	20% Outdoor in cars: 3km/h,
80% Indoor in houses: 3km/h

	UE receiver
	MMSE-IRC

	Scheduler
	Multi-user PF scheduler

	MU dimension
	4

	Oversampling factor
	(N1, N2) = (4,4), (O1, O2) = (8,4)

	
	(N1, N2) = (2,8), (O1, O2) = (4,4)
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Combined Beam Distribution for (N1,N2)=(2,8)
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Combined Beam Distribution for (N1,N2)=(4,4)
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Combined Beam Distribution for Scheme 3
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Combined Beam Distribution for Scheme 4
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