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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Both Type-I and Type-II feedback schemes have already been agreed to be supported in the RAN1#86bis ‎[1].
Agreements:
· NR supports CSI reporting with two types of spatial information feedback
· Type I feedback: Normal 
· Codebook-based PMI feedback with normal spatial resolution
· Type II feedback: Enhanced 
· “Explicit” feedback and/or codebook-based feedback with higher spatial resolution 
· For Type I and II, CSI feedback per subband as well as wideband feedback are supported
· For Type I and II, beam-related feedback can be included

The Type-I feedback is based on codebook based PMI assuming a similar resolution as the LTE system, while the Type-II feedback is the enhanced scheme. 
The LTE style PMI feedback is more optimized towards SU-MIMO where MU interference does not need to be taken into account in the eNodeB scheduling. In LTE SU-MIMO, the UE just reports the PMI and transmission rank that are preferred to achieve good capacity. Hence, an assumption is made on the transmission method (i.e., LTE SU-MIMO) already at the feedback stage. At the same time, massive MIMO system is expected to be able to operate on MU-MIMO due to the supported number of beams. Hence, the main improvement by Type-II feedback should improve the MU-MIMO performance. Considering the above, the “explicit” channel feedback is a promising candidate approach since with performing the explicit feedback, the UE does not make assumptions on transmission methods.

Several explicit feedback schemes have been proposed like feedback based on channel matrix, covariance matrix or eigenvector. In addition, in RAN #74, the following down-prioritization was agreed ‎[2]:

· Analog CSI feedback, precoder / precoding matrix, and downloadable codebook among the candidates for type II (enhanced) CSI feedback
· i.e., only the linear combination based CSI feedback is continued to study including the contents (e.g., channel covariance matrix) to be represented by the linear combination codebook

In this contribution, an explicit feedback scheme based on quantization is studied, where some analysis and simulation results are also provided.

The explicit feedback schemes

Considering that both digital precoding for below 6 GHz and hybrid precoding for above 6GHz cases need to be supported, the precoding feedback can be split into two steps. First, the feedback of the analog transmit precoding vector is performed and second, the feedback of the explicit reduced channel matrix is performed.
The effective channel after the first precoding step can be written as 

Assuming channel matrix

Where  equals the channel matrix for the transmit virtualization block , and  is the first precoding matrix. A transmit virtualization block is the link between group of antennas and digital domain receive port. It is also assumed that possible receiver analog beamformer is already combined into the matrix .
If for example analog precoding is not used and each antenna element is mapped to CSI-RS directly the . On the other hand, if per panel per polarization analog precoding is used,

Where the matrix  of size  is used to virtualize the  transmit virtualization block.  and  equal the number of antennas in vertical and horizontal dimensions in a panel, respectively, and K equals the number of TXRUs per panel per polarization. Each block can for example contain the weighting coefficients for the antenna elements in a transmit virtualization block. In the beam sweeping case the  is obtained from the beam sweeping and can contain one or multiple DFT vector based beams. Each column in contains coefficients combined from horizontal (size ) and vertical (size ) DFT vector. 

The second step is to quantize and feedback the explicit channel matrix  of size  where  and  equal the digital domain receive and transmit antenna ports, respectively. In the above example,  where , and  equal number of vertical and horizontal panels and number of polarizations, respectively.

There are at least 3 basic schemes for quantization: 
1. Quantize directly the channel matrix 
2. Quantize the transmit covariance matrix 
3. [bookmark: _GoBack]Quantize the dominant eigenvectors from U and eigenvalues from D in . 

In addition, further transformations to reduce the size of  before quantization could be considered. One possibility is to use transformation matrix  whose  columns are selected from columns of a DFT matrix in order to achieve smaller dimensioned matrix . 
The number of coefficients to be quantized is compared in Table 1. The table also contains comparison in terms of agreed macro cell evaluation conditions where , , ,  under the assumption of K=1. It can be observed that the feedback of eigenvectors is only beneficial if number of dominant eigenvectors  is smaller compared to the number of digital receiver ports . In some sense the RI feedback in LTE is replaced by the number of eigenvectors in this feedback scheme. Due to the unitarity of the eigenvector matrix, the scaling of eigenvector is more constrained compared to the pure channel coefficient, which is another benefit of eigenvector feedback. The scaling is embedded into the eigenvalue, but this could be normalized into the noise and interference level feedback provided that this is fed back at similar rate as the channel information. The size of the eigenvector can be reduced by the abovementioned transformation but the information on the applied transformation needs to be also signaled to the gNodeB approaching a PMI feedback scheme. In the example 5 instead of 8. The transformation might use wider bandwidth than the bandwidth to calculate the eigenvector in order to gain more reduction. In this comparison the covariance matrix feedback only exploits Hermitian symmetry of the matrix and further optimization might be possible by taking into account horizontal, vertical and polarization sub correlation matrices. The comparison only compares single feedback sample and the final overhead depends on how wide the subbands are used for the feedback. 
[bookmark: _Ref470272075]Table 1. Feedback scheme comparison.
	Quantization scheme
	Number of coefficients
	Example 

	Channel matrix feedback
	
	8 * 2 = 16

	Covariance matrix feedback
	 + 
	28 + 4 = 32

	Eigenvector feedback
	+ 
	8 + 0.5 = 8.5

	Eigenvector feedback using size reduction
	+ 
	5 




System level simulation results
MU-MIMO simulations were made using assumptions from Table 3 in order to study the performance of eigenvector based feedback with and without matrix size reduction. The feedback essentially requires following steps:
1. The analog beamformer feedback. This is assumed to be based on wideband beam sweeping
2. Feedback of the size reduction DFT matrix. Simulations assume that 5 orthogonal vectors are selected from length 8 DFT matrix totaling 6 bits of feedback. The feedback is performed for a subband of 5 * 12 subcarriers.
3. The feedback of dominant eigenvector after the size reduction. Single length 5 vector is fed back on a sub band of 12 sub carriers. The amplitude and phase of each element is sampled by 2 and 3 bits, respectively.
4. Feedback of the interference level.

The average cell throughput is depicted in Figure 1 for three feedback schemes. The reference is the ideal unquantized feedback assuming a subband of 12 subcarriers. The selected subband size equals 12 * 60 kHz = 720 kHz which covers the coherence bandwidth of the propagation channel  The first simulated quantization scheme feeds back only the most dominant eigenvector without size reduction and the second quantization scheme uses the additional size reduction. The feedback overhead is summarized in Table 2. The table also contains, for comparison, feedback size when FD-MIMO is configured with codebook parameters ( = (2, 2, 4, 4). It can be observed that even though the feedback size is significantly higher than in FD-MIMO, there is roughly 7 or 10 % performance degradation when the explicit feedback is used compared to ideal feedback. Further study could be made on the impact of subband size selections at different feedback stages and quantization levels of the vector elements in order to reduce the feedback overhead further. Also, the performance difference against the PMI feedback and especially high spatial resolution PMI feedback needs further study.
[bookmark: _Ref471302168]Table 2. Feedback overhead.
	Quantization scheme
	Number of bits

	ideal feedback
	NA

	Eigenvector feedback
	8 * (2 + 3) * 50 = 2000

	Eigenvector feedback using size reduction
	6 * 10 + 5 * (2+3) * 50 = 1310

	FD-MIMO
	8 * 50 = 400 



[image: ]
[bookmark: _Ref471726307]Figure 1. Cell throughput.

[bookmark: _Ref465680349]Table 3. Simulation parameters.
	parameter
	value

	scenario
	Urban macro‎[3]‎[4], 200 m ISD

	carrier frequency
	30 GHz

	System bandwidth
	40 MHz

	Subcarrier spacing
	60 kHz

	TRP antenna configuration, (M,N,P,Mg,Ng)
	(4,8,2,2,2)

	UE antenna configuration, (M,N,P,Mg,Ng)
	(2,4,2,1,2) Θmg,ng=90; Ω0,1=Ω0,0+180

	Number of TXRUs
	1 TXRU per panel per polarization

	W1 feedback (Analog precoding)
	Horizontal and vertical DFT precoding assuming oversampling factor of 2

	Number of UEs per cell
	10

	MIMO scheme
	MU-MIMO

	UE receiver
	MMSE-IRC

	scheduling
	PF

	Traffic model
	Full buffer



Conclusions
Explicit feedback scheme based on eigenvector quantization and possible matrix size reduction were studied in this paper targeting mainly to improve MU-MIMO CSI. The matrix size reduction may be needed but the feedback overhead largely depends on the assumption of subband sizes at different feedback stages. Further studies might still be needed but it seems that the increase in overhead compared to the FD-MIMO style PMI feedback is still going to be significant. Hence, solid gain would need to be achieved in order to justify the increase in overhead.
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