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Introduction
In RAN1#88b, the following agreement was made regarding the different categories of Type II CSI feedback.
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 the applicability for Type II CSI feedback with beamformed CSI-RS in a hybrid CSI operation, and further discuss the need for covariance matrix feedback. We further address how the codebooks for Category 1 and Category 3 can be merged using a unified codebook formulation.
Type II codebook for beamformed CSI-RS operation
The rank-2 precoders of our proposed Type II codebook for non-precoded CSI-RS operation with a moderate to a large number of antenna ports may be described as

where is an  matrix of selected DFT beams and  
is an  matrix with beam amplitude and phase coefficients.
For use with beamformed CSI-RS with fewer number of ports, the same Type II codebook can be used, but where the beam matrix  is omitted and the beam selection is instead made by the gNB based on auxiliary information, e.g. using long-term CSI feedback or reciprocity:

Thus, essentially the same codebook structure can be used for both non-precoded and beamformed operation. Further, the number of allowed antenna ports for Type II codebook with beamformed CSI-RS should not exceed the maximum number of rows in W2 for the Type II codebook for non-precoded CSI-RS, in order for both schemes to have comparable overhead. Thus, the maximum number of ports should not exceed where is the maximum number of beams in the Type II codebook. It is probably not relevant to use the codebook for non-precoded CSI-RS for too few antenna ports. Thus, the Type II codebook could be defined as:

That is, DFT beam selection is omitted when the number of configured antenna ports are smaller than or equal to .
Proposal:
· Type II CSI feedback is supported both for non-precoded CSI-RS with a moderate to large number of antenna ports as well as for beamformed CSI-RS operation using a few antenna ports
· DFT beam selection is used when the number of ports is larger than twice the number of maximally allowed beams in the Type II codebook
On Covariance matrix feedback (Category 2)
With covariance matrix feedback, the long-term and wideband channel properties are fed back to the gNB. Typically, this results in a feedback of a high rank matrix defining a larger-dimensional channel subspace spanning the UEs channel realization across the frequency band. The size of the subspace spanned by the covariance matrix depends on the angular spread of the propagation channel. If for instance the channel is pure LOS, the subspace only spans two dimensions (corresponding to the LOS path on each polarization). To illustrate the typical rank of a wideband covariance matrix, we present a plot of the C.D.F. of the fraction of the total channel energy that is captured in the  principal eigenvectors of the covariance matrix in the 3GPP 3D UMi channel model with 32TX and 2RX in Figure 1. As seen, for almost every UE, 90% or more of the channel energy is captured in the 6 principal eigenvectors of the wideband covariance matrix.  
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[bookmark: _Ref471918635]Figure 1: Fraction of channel energy captured in a number of the strongest wideband layers, for 3GPP 3D UMi channel model using 1x16 TX antenna array and 2RX UEs
Thus, in this example, the fed back covariance matrix would define a ~6-dimensional channel subspace, but as the UEs are only equipped with 2RX, the channel is maximum rank-2 for a certain TFRE. Thus, the gNB does not know where in this ~6-dimensional “long-term” subspace the 2-dimensional “short-term” channel is located. If the gNB only has this long-term CSI available, the best transmission strategy is to transmit along the 2 principal eigenvectors to form a beam to the UE, but use the entire correlation matrix to form a null towards co-scheduled UEs. 
We have performed simulations to evaluate the performance of wideband covariance matrix feedback, for the case where it is used as a standalone feature, i.e. it is not combined with any short-term CSI. The fed back covariance matrix is used to generate SLNR precoder weights, as discussed in the previous paragraph. Performance is compared to Type I CSI feedback based on Rel-13 Class A codebook as well as the proposed Category 1 Type II CSI feedback based on precoder matrix feedback. Simulations are performed using 8x4 antenna array with 32 ports in 3GPP 3D UMi scenario using FTP1 traffic model with 100kB packet size and performance is evaluated at 70% RU of the baseline system. Other assumptions are according to the Appendix. The results are presented in Figure 2 below. As seen, the wideband covariance matrix feedback scheme gives only a small gain of 5% mean user throughput and actually a loss of 9% in cell edge throughput compared to the Type I CSI feedback scheme. This should be compared to the large performance gains observed for the Type II Category 1 scheme. Thus, using only long-term Type II CSI does not seem to bring any performance benefit: the long-term CSI must be combined with short-term CSI to be of any use. Consequently, covariance matrix feedback (Category 2) should not be considered as a standalone feature but it may, on the other hand, be considered as a piece of larger scheme for acquiring long-term CSI for hybrid CSI feedback (Category 3).

	Scheme
	Cell edge gain [%]
	Normalized user throughput gain [%]

	32TX Type I CSI feedback (Rel-13 Class A CB)
	0
	0

	32TX Wideband covariance feedback (Category 2)

	-9
	5

	32TX Type II Category 1 feedback, 4 beams, Subband Amplitude 
	87
	39


[bookmark: _Ref473892781]Figure 2: Performance of wideband covariance feedback
Thus, covariance matrix feedback is only useful when used in a hybrid CSI feedback fashion, where principal eigenvectors of the covariance matrix is used to beamform a “Class B”-type CSI-RS. The question arises whether a special mode for covariance matrix feedback is needed, when the principal eigenvectors could instead be fed back directly, as the gNB anyway does not need to know the weaker eigenvectors. In fact, since a size covariance matrix requires feedback of  values due to Hermitian structure and feedback of  principal eigenvectors require  values, it is more efficient to feed back the eigenvectors directly if .
Observations:
· Feeding back the full covariance matrix or feeding back the corresponding eigenvectors and eigenvalues of the covariance matrix is equivalent
· Covariance matrix feedback is only useful when combined with short-term CSI, and a number  of the principal eigenvectors is used to beamform a second set of CSI-RS
· Thus, only the  strongest eigenvectors rather than all  are needed
· If , it is more efficient to feed back the  eigenvectors directly rather than feeding back the full covariance matrix

In most proposals, DFT projection of the covariance matrix on a number of the strongest beams  similar to Category 1 feedback is proposed. This actually means that feeding back the eigenvectors of such a DFT projected covariance matrix is equivalent to using the Category 1 codebook with subband amplitude, since W2 essentially quantizes the eigenvectors of the reduced space channel. Thus, to acquire the principal eigenvectors of the wideband covariance matrix, the gNB could trigger a Category 1 Type II report with a fixed higher rank (e.g. fixing the RI to 4 or 6) and a wideband frequency-granularity. Thus, no special feedback mode is needed for covariance feedback, which makes the specification cleaner. It should be noted, though, that the number of beams  and the maximum rank in a wideband Category 1 report very well could be larger than for a subband Category 1 report, as the overhead for a wideband report will not be that large. We therefore make the following proposals:
Proposals:
· Covariance matrix feedback (Category 2) is not considered as a standalone feature for Type II CSI feedback, but may be considered as one method of determining long-term CSI used in hybrid Type II feedback (Category 3)
· In that case, covariance matrix feedback is implemented as a special case of Category I precoder feedback where the M principal eigenvectors of the covariance matrix are fed back using a Category 1 report configured with
· A fixed RI (RI=M) corresponding to rank-4 or higher
· A wideband frequency-granularity
Evaluation results
To evaluate the benefit of hybrid Type II CSI feedback, we have performed simulations comparing three schemes:
· Category 1 precoder feedback with  beams and subband amplitude
· Corresponding to a W2 matrix with 4 or 8 rows
· Category 3 Hybrid CSI feedback with long-term CSI from Category 1 W1 feedback with  beams
· Corresponding to a W2 matrix with 4 or 8 rows
· Category 3 Hybrid CSI feedback with long-term CSI from Category 1 W1W2 report with
· beams and RI = 4, corresponding to a W2 matrix with 4 rows
·  beams and RI = 8, corresponding to a W2 matrix with 8 rows
· beams and RI = 8, corresponding to a W2 matrix with 4 rows
For the hybrid schemes, W1/eigenvectors are reported with an 80ms periodicity, while W2 is reported with a 5ms periodicity. For Category 1, both W1 and W2 are reported with 5ms periodicity. Simulations have been performed in the 3GPP 3D UMi scenario using 8x4 antenna array and 32 antenna ports, using the FTP1 traffic model with 100kB packets. MU-MIMO based on SLNR processing on the reported precoders are used in all systems, and performance is evaluated at 70% RU of the baseline system.
As the feedback overhead is dominated by the W2 overhead, it is fair to compare the systems corresponding to 4 and 8 rows in W2 separately. This is done in Figure 3 below. For both 4 and 8 row W2, the Category 1 systems using precoder feedback performs the best. This is not surprising, since the main benefit of utilizing a hybrid approach is to reduce CSI-RS overhead compared to a “Class A”-like systems. However, since for Type II CSI, many beamformed ports (4-8) are needed, the savings in CSI-RS overhead is limited and the overhead can even be increased compared to “Class A” if there are many UEs in the cell.  As was observed in the eFD-MIMO work item for LTE, the performance benefit of hybrid CSI reporting for 32TX is limited even when only 2 beamformed ports are used. Furthermore, since many beams are comprised in a W1 report for Type II CSI, W1 is likely to become stale faster than for Type I CSI as the strength of the weaker beams in the channel typically is affected by the fast fading to a larger extent than the strongest beam. We further observe that, for the hybrid systems using a size-4 W2, better performance is seen if the 4 principal eigenvectors from the  beam space covariance matrix is reported instead of just reporting a  W1. This makes sense, as the eigenvectors form a sparser representation of the channel than the DFT beams in W1. However, the overhead of the former report is of course larger, but since the eigenvectors are reported on a wideband basis and with a large periodicity, this is not an issue. Another observation is that performance does not seem to increase when using more than 4 beamformed ports for hybrid Type II feedback, likely due to increased CSI-RS overhead.
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[bookmark: _Ref474141579]Figure 3: Performance of hybrid Type II CSI feedback schemes for 32TX system
Observations:
· Precoder feedback (Category 1) performs better than hybrid CSI feedback
· If “Class B”-like CSI-RS use many ports (4-8), there is no CSI-RS overhead reduction compared to “Class A”-like CSI-RS when there are many UEs in the cell
· A W1 report comprising many beams can quickly become stale
· Using more than 4 beamformed ports for hybrid CSI feedback does not increase performance
· Better to beamform “Class B”-like CSI-RS with 4 principal eigenvectors from  W1 than to beamform directly with  W1
Although Category 1 precoder feedback seems to outperform hybrid Type II feedback, the latter should still be supported in order to allow for more flexibility at the gNB, or to allow for Type II feedback with more than 32 TXRUs. 
Conclusions
In this paper, we have discussed Category 2 & 3 Type II CSI feedback and their relation to Category 1. We have made the following observations:
Observations:
· Feeding back the full covariance matrix or feeding back the corresponding eigenvectors and eigenvalues of the covariance matrix is equivalent
· Covariance matrix feedback is only useful when combined with short-term CSI, and a number  of the principal eigenvectors is used to beamform a second set of CSI-RS
· Thus, only the  strongest eigenvectors rather than all  are needed
· If , it is more efficient to feed back the  eigenvectors directly rather than feeding back the full covariance matrix
· Precoder feedback (Category 1) performs better than hybrid CSI feedback
· If “Class B”-like CSI-RS use many ports (4-8), there is no CSI-RS overhead reduction compared to “Class A”-like CSI-RS when there are many UEs in the cell
· A W1 report comprising many beams can quickly become stale
· Using more than 4 beamformed ports for hybrid CSI feedback does not increase performance
· Better to beamform “Class B”-like CSI-RS with 4 principal eigenvectors from  W1 than to beamform directly with  W1
Proposals:
· Type II CSI feedback is supported both for non-precoded CSI-RS with a moderate to large number of antenna ports as well as for beamformed CSI-RS operation using a few antenna ports
· DFT beam selection is used when the number of ports is larger than twice the number of maximally allowed beams in the Type II codebook
· Covariance matrix feedback (Category 2) is not considered as a standalone feature for Type II CSI feedback, but may be considered as one method of determining long-term CSI used in hybrid Type II feedback (Category 3)
· In that case, covariance matrix feedback is implemented as a special case of Category I precoder feedback where the M principal eigenvectors of the covariance matrix are fed back using a Category 1 report configured with
· A fixed RI (RI=M) corresponding to rank-4 or higher
· A wideband frequency-granularity
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	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	32 TX: 8x4 with 2x1 virt., UMi (130° tilt)

	Cell layout
	57 homogeneous cells 

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms
80 ms for hybrid reporting of W1/eigenvectors

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Type II CSI codebook (when used)
	Number of beams: 2,4 or 8
Beam space rotation hypotheses per dimension: 4
Beam power: 8 states, per subband and poalrization
Co-phasing: 8-PSK 

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 100 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency
Max 8 MU layers

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  
Channel estimation error modeled.

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB

	Transmission Mode
	TM10, with non-shifted CRS
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