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1. Introduction
In NR Adhoc, Jan. 2017 [1], the following agreement was made for NR:
Agreements:
· 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
· Descriptions for Category 1 and 2 are given in the following slides
· For the purpose of summary in TR38.802
· Category 1: precoder feedback based on linear combination codebook
· Dual-stage W = W1W2 codebook 
· W1 consists of a set of L orthogonal beams, e.g. 2D DFT beams
· The set of L beams is selected out of a basis, e.g. oversampled 2D DFT beams
· Beam selection is wideband
· W2: L beams are combined in W2 with common W1
· Subband reporting of phase quantization of beam combining coefficients
· Beam amplitude scaling quantization can be configured for wideband or subband reporting
· Category 2: covariance matrix feedback
· A quantized/compressed version of covariance matrix is reported by the UE
· Quantization/compression is based on a set of M orthogonal basis vectors
· Reporting can include indicators of the M basis vectors along with a set of coefficients
· FFS: basis set 
· Category 3: Hybrid CSI feedback 
· Type II Category 1 or 2 CSI codebook can be used in conjunction with LTE-Class-B-type-like CSI feedback (e.g. based on port selection/combination codebook)
· The LTE-Class-B-type-like CSI feedback can be based on either Type I or Type II CSI codebook

In NR RAN1 #88, Feb. 2017 [2], the following agreement was made for NR:
Agreements:
· Refine the description in 38.802 for Type II CSI Category I as follows
· Dual-stage W = W1W2 codebook 
· W1 consists of a set of L orthogonal beams taken from 2D DFT beams
· The set of L beams is selected out of a basis composed of oversampled 2D DFT beams
· L {2, 3, 4, FFS 6} (L is configurable)
· Beam selection is wideband
· W2: L beams are combined in W2 with common W1, 
· Subband reporting of phase quantization of beam combining coefficients
· Configurable between QPSK and 8-PSK phase related information quantization
Agreements:
· Update the description in the TR for Type II CSI Category II as follows
· The feedback of channel covariance matrix is long term and wideband 
· A quantized/compressed version of covariance matrix is reported by the UE
· Quantization/compression is based on a set of M orthogonal basis vectors
· Reporting can include indicators of the M basis vectors along with a set of coefficients
· FFS: basis set
· Other quantized/compressed versions of channel covariance matrix are not precluded

In this contribution, we share our views on NR type II Category 2 CSI feedback design.

2. MU-MIMO Feedback/NR Type II CSI
2.1. Covariance Matrix Feedback
As the number of antenna ports increases, the amount of covariance matrix feedback becomes problematic, and thus compression method should be considered.
System model
L-tap double directional MIMO channel model can be represented by 
,

where L is number of path, and  is l-th path complex weight,  is Dirac delta function with delay ,  is AoA, is ZoA,  is AoD,  is ZoD, Nr is number of receiver, and Nt is number of transmitter.
For two dimensional array, array response u can be represented as
 
Rel. 13 Class-A codebook consists of DFT vectors whose phase value increases with same amount of value to mimic this channel. This type of beamforming is called as progressive phase shifting beamforming.
Proposed Scheme
Let’s define U as a basis matrix which consists of Nt orthonormal basis with


Values  are determined from DFT-based codebook (e.g. Class A codebook) and should fulfil orthogonal condition, i.e. UHU = I. For instance, UE selects best  from NR Type I or LTE Class A codebook, and then find the remaining vectors to construct U matrix accordingly. 
Then, the covariance matrix can be represented as 
,
where A is Hermitian matrix. Since many elements of A has small power, those values can be ignored for the compression. For example, the best M vectors (or best M directions) of   may be enough to represent the channel covariance matrix. So, we propose that UE to select best M diagonal values of A, and feedback (i,j) complex values (or magnitude and phase), and i real values where i>j which are within selected M indices. In other words, if π is the ordered indices of diagonal elements of A, then feedback upper triangular values of  A(π(1:M), π(1:M)) together with the best M indices. 
After receiving the best M indices and A(π(1:M), π(1:M)) values, TRP reconstruct Cov using A (assuming all zeros except for the feedback values) and U. Since  can be part of feedback information of Type I, proposed scheme requires log2(NtCM-1), M-1 real values and M(M-1)/2 complex values. 
Proposal 1. Support orthogonal DFT basis for channel covariance matrix compression.
      - UE feedbacks the best M orthogonal DFT basis vectors along with corresponding covariance matrix entries

Additional Considerations
Covariance matrix can be represented as 

                                                                 
In this case, UE can select best MH and best MV indices for each dimension. 
Also, we can consider TRP to form U as a beamformer of CSI-RS, so that UE can find best M indices of calculated covariance matrix. U can be determined based on UE(s) feedback of W1 or best beam indices from beam management protocol. In this case, calculated covariance matrix at UE is equivalent to A since U is already multiplied at TRP transmitter. Remaining procedure is same as above. In this case, how to determine U can be TRP implementation specific. This mode of operation may be useful for MU-MIMO operation as U can be determined based on multiple UE feedbacks.
Proposal 2. Support feedback the best M ports of beamformed CSI-RS along with corresponding covariance matrix entries

Simulation Results
To compare the performance of Category 1 and Category 2 Type II CSI, system level evaluations were conducted in Dense Urban scenario (Table 1). The simulations was performed for 16 ports cross-pol BS antenna with horizontal port layout, where each port is virtualized to 8 antenna elements with same polarization slant located in-line vertically with static analog beamforming via single DFT beam. The simulations was carried out in MU-MIMO regime with unlimited number of co-scheduled UEs. The evaluation results for Type I CSI with LTE codebook (Config. 1) and SVD precoding (Ideal case) are listed for reference. Table with simulation assumptions can be found in the Appendix.
To compress covariance matrix for Category 2 CSI orthogonal DFT basis was used. The selection of the beams for the basis matrix U follows the procedure of beam selection for Category 1 W1 matrix, the number of beams in the basis matrix is limited by the value of L. Matrix A which represents compressed covariance matrix was calculated using following equation, then it was normalized by its first element and the entities of the matrix were quantized with 3 bit quantization of magnitude and 8-PSK quantization of phase. The W1 matrix for Category 2 was constructed from L eigenvectors of the resulting covariance matrix, obtained from quantized A matrix, and weighted by square roots of corresponding eigenvalues. 
To see how the performance depends on the value of L for both Type II CSI categories, L = 2 and L = 4 was considered for evaluations. To quantize the power of beams for category 1 and the magnitudes of A matrix entities for Category 2, following values were used {1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625, 0}. 
The procedure of W2 calculation is same for both categories. We adopted QPSK for quantization of W2. For better performance, we also provided unquantized version of W2. Note that unquantized version of W2 includes both magnitude and phase. 
Table 1 System level results for different CSI schemes
	CSI
	UE average packet throughput, Mbps
	RU %

	
	Average
	5% of CDF
	50% of CDF
	95% of CDF
	

	Type I
	12.22 (0%)
	3.15 (0%)
	11.17 (0%)
	24.82 (0%)
	72

	Cat. 1, L = 2, Quant. W2
	12.14(-1%)
	3.27 (4%)
	11.04(-1%)
	24.82 (0%)
	72

	Cat. 2, L = 2, Quant. W2
	12.30 (1%)
	3.39 (8%)
	11.28 (1%)
	24.82 (0%)
	72

	Cat. 1, L = 4, Quant. W2
	12.22 (0%)
	3.39 (8%)
	11.16 (0%)
	24.82 (0%)
	72

	Cat. 2, L = 4, Quant. W2
	12.34 (1%)
	3.44 (9%)
	11.34 (2%)
	24.82 (0%)
	72

	Cat. 1, L = 2, Unq. W2
	13.97 (14%)
	4.32 (37%)
	13.40 (20%)
	24.97 (1%)
	67

	Cat. 2, L = 2, Unq. W2
	14.41 (18%)
	4.59 (46%)
	14.00 (25%)
	25.04 (1%)
	66

	Cat. 1, L = 4, Unq. W2
	14.27 (17%)
	4.56 (45%)
	13.87 (24%)
	24.97 (1%)
	66

	Cat. 2, L = 4, Unq. W2
	14.67 (20%)
	4.85 (54%)
	14.41 (29%)
	25.04 (1%)
	65

	SVD (Ideal)
	15.06 (23%)
	5.08 (61%)
	14.93 (34%)
	24.97 (1%)
	65



From the evaluation results it can be seen that the performance of Type II CSI with QPSK quantization of W2 provides negligible gains over Type I CSI (~8% in cell-edge) comparing to performance gains of unquantized W2 (~46% in cell-edge).
Observation 1. QPSK quantization of W2 is not sufficient to achieve considerable performance gains over Type I CSI.
 Another observation that can be made from provided results is that performance of Category 2 CSI is better comparing to performance of Category 1 CSI even if we compare Category 1 with L = 4 with category 2 with L = 2. The improvement of performance of Category 1 in order to achieve performance of Category 2 is possible only at expense of W2 quantization scheme or increasing number of beams over 4. This changes leads to increasing of the bits required for W2 feedback, which is dramatically increases the overall number of feedback bits. On the over hand reporting of the compressed covariance matrix with L = 2 requires the feedback of only one additional complex number in wideband manner, which requires only 6 additional bits for evaluated quantization scheme comparing to Category 1 W1 feedback. 
Observation 2. Category 2 CSI with L = 2 outperforms Category 2 with L = 4.
Observation 3. W2 matrix also can be feedback along with covariance matrix with/without hybrid operation in Category 2.
Proposal 3. Support feedback of the compressed covariance matrix as content of Type II CSI. 

Category 2 CSI has additional parameters related to quantization scheme of the entities of A matrix and compression schemes of covariance matrix in general. To see how the performance depends on the compression scheme of covariance matrix we compared compressed covariance matrix feedback using proposed compression method with ideal covariance matrix feedback (Table 2). Parameters of the compression remains the same as in the previous evaluations. Feedback of uncompressed wideband covariance matrix assumed that L eigenvectors of this matrix were used to construct W1. The results are provided for both quantized W2 and unquantized W2. The rest of simulation assumptions follows previous evaluations. 
Table 2 System level results for compressed and not compressed covariance matrix 
	L
	Cat. 2 CSI
	UE average packet throughput, Mbps
	RU %

	
	
	Average
	5% of CDF
	50% of CDF
	95% of CDF
	

	2
	Comp. Cov, Quant. W2
	12.3 (0%)
	3.39 (0%)
	11.28 (0%)
	24.82 (0%)
	71

	
	Ideal Cov, Quant. W2
	12.75 (4%)
	3.63 (7%)
	11.86 (5%)
	24.89 (0%)
	70

	
	Comp. Cov, Unq. W2
	14.41 (17%)
	4.59 (35%)
	14 (24%)
	25.04 (1%)
	65

	
	Ideal Cov, Unq. W2
	14.68 (19%)
	4.85 (43%)
	14.36 (27%)
	25.04 (1%)
	65

	4
	Comp. Cov, Quant. W2
	12.34 (0%)
	3.44 (1%)
	11.34 (1%)
	24.82 (0%)
	71

	
	Ideal Cov, Quant. W2
	12.64 (3%)
	3.57 (5%)
	11.77 (4%)
	24.82 (0%)
	70

	
	Comp. Cov, Unq. W2
	14.67 (19%)
	4.85 (43%)
	14.41 (28%)
	25.04 (1%)
	65

	
	Ideal Cov, Unq. W2
	14.86 (21%)
	4.99 (47%)
	14.59 (29%)
	25.04 (1%)
	65



From above results we can conclude that wideband channel information observed by the BS from covariance matrix feedback with proposed compression scheme with L = 2 is sufficient to achieve considerable performance. 
Observation 4. The proposed compression scheme of the covariance matrix with L = 2 is sufficient to achieve considerable performance at list for evaluated BS antenna configuration. FFS on larger antenna configuration.

2.2. Application of Covariance Matrix Feedback
To tackle large dimension training overhead in massive antenna FDD system, joint spatial division and multiplexing (JSDM), cascaded precoding, dimension reduction technique or hybrid beamforming have been proposed recently. Basic idea of this hybrid beamforming is two stage beamforming. The pre-beamforming/first precoder is determined by spatial channel information (such as channel covariance Eigen spaces) to minimize the interference across different group of users and the MU-MIMO precoding/second precoder is determined by multiuser interference within each group. One of major benefit of the two stage beamforming is dimension reduction of training signal as well as feedback overhead while maintaining optimality (when number of antennas as well as number of users are relatively large). Even better part of this two stage beamforming is that it only requires a coarse knowledge of channel not entire channel, and thus it is a good candidate scheme for quantized covariance based feedback. 
Basic procedure of two stage beamforming is as follows. First transmitting (large number of ports) non-precoded CSI-RS, and gathering channel covariance matrix from multiple UEs with low duty cycle (in the order of few hundred millisecond or even few seconds level). Based on channel covariance matrix from users, determining pre-beamforming/first precoder. And transmitting small number of ports beamformed CSI-RS to certain group of users to get PMI (based on Type I feedback with small dimension) and CQI. In this case, there could be multiple beamformed CSI-RS resources assigned to different group of users, and assuming there is no inter group interference (by pre-beamforming). Note that this procedure can be done by currently agreed CSI acquisition mechanism. For example, TRP sets one resource setting with non-precoded CSI-RS and one CSI report setting with CSI Type II category 2 feedback. TRP sets another resource setting with beamformed CSI-RS and another CSI report setting with CSI Type I PMI and CQI feedback. Additionally TRP sets additional resource setting for MU-MIMO interference measurement which is based on either zero power CSI-RS or non-zero power CSI-RS of different group. Another possible procedure of two stage beamforming is using beam management procedure to determining first precoder. This mode of operation is beneficial especially for high frequency band with hybrid antenna architecture. Note that UE complexity of two stage beamforming is quite low thanks for dimension reduction in second precoder phase.
Observation 5. Two stage precoding is optimal MU-MIMO scheme for large number of antennas. Covariance matrix feedback is one of feedback scheme for two stage precoding.
Observation 6. Covariance matrix feedback requires less complexity and less overhead (low duty cycle and dimension reduction).
Observation 7. Covariance matrix feedback is suitable for hybrid antenna architecture using beam management protocol.

3. Conclusion
In this contribution, we discussed consideration on Type II codebook design, and we proposed followings.
Observation 1. QPSK quantization of W2 is not sufficient to achieve considerable performance gains over Type I CSI.
Observation 2. Category 2 CSI with L = 2 outperforms Category 2 with L = 4.
Observation 3. W2 matrix also can be feedback along with covariance matrix with/without hybrid operation in Category 2.
Observation 4. The proposed compression scheme of the covariance matrix with L = 2 is sufficient to achieve considerable performance at list for evaluated BS antenna configuration. FFS on larger antenna configuration.

Proposal 1. Support orthogonal DFT basis for channel covariance matrix compression.
      - UE feedbacks the best M orthogonal DFT basis vectors along with corresponding covariance matrix entries
Proposal 2. Support feedback the best M ports of beamformed CSI-RS along with corresponding covariance matrix entries.
Proposal 3. Support feedback of the compressed covariance matrix as content of Type II CSI. 

We further discussed application of covariance matrix feedback, and we observed that
Observation 5. Two stage precoding is optimal MU-MIMO scheme for large number of antennas. Covariance matrix feedback is one of feedback scheme for two stage precoding.
Observation 6. Covariance matrix feedback requires less complexity and less overhead (low duty cycle and dimension reduction).
Observation 7. Covariance matrix feedback is suitable for hybrid antenna architecture using beam management protocol.
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Appendix
	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 MU-MIMO
Maximum rank of SU-MIMO transmission is 1

	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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