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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]At the previous meeting (RAN1#85), it was agreed in [1] that 
· In NR multi-antenna schemes, studies on CSI acquisition framework  include
· CSI reporting schemes
· Implicit CSI feedback
· Parameters indicating channel quality based on a set of transmission and receiving hypotheses associated with one particular UE, e.g. CQI, PMI, RI, CRI
· Explicit CSI feedback: for both quantized and unquantized/analog CSI feedback
· Parameters representing channel coefficients or some reduced-space representation thereof
· Reciprocity-based feedback
· For example, take into account interference and/or receiver hypothesis can be included
· Note: including aperiodic, periodic and semi-persistent, and single/wide band and sub-band feedback
· Mixed feedback is not precluded
· Interference measurement
· FFS: CSI measurement and/or reporting and/or triggering can be ‘self-contained’ in at least time domain
In NR, it is beneficial to reduce the huge amount of transmission modes in LTE/LTE-A, and support dynamic switching among multiple MIMO transmission schemes in the same transmission mode [2][3]. In this case, a unified CSI acquisition framework should be strived as much as possible in NR, supporting various CSI measurement and feedback types for different use cases, such as multi-level CSI measurement and reporting, implicit CSI feedback, explicit CSI feedback, and reciprocity based CSI acquisition.
In this contribution, we investigate the CSI acquisition mechanism for DL MIMO in NR, including CSI reporting schemes (i.e. implicit CSI feedback, explicit CSI feedback and reciprocity based CSI acquisition), and CSI measurement/reporting procedures. 
CSI Reporting Schemes
All of implicit, explicit CSI feedback and reciprocity based CSI acquisition need to be investigated in NR.
Implicit CSI Feedback
To well reflect the realistic propagation channel with multiple clusters, multiple bases CSI representation (MBCR) approach is worthy to be studied for accurate CSI quantization, based on the combination of multiple basis beams. Given a predefined base codebook, where  is the n-th basis beam, the precoding vector  for each polarization on sub-band m of user k can be expressed as a weighted sum of multiple basis beams selected from B.
		(1)
where  consists of the indices of  () most significant basis beams from , and  is the weight corresponding to beam  on sub-band m of user k. In MBCR, the indices of the selected basis beams and the corresponding weights need to be reported per subband, which requires large quantization bits to achieve accurate CSI at TRP.
To further reduce the feedback overhead, a common subset of  significant basis beams is assumed for all sub-bands. Therefore,  indices for the wideband and  weights for each sub-band are required to obtain subband CSI. A two-stage codebook structure can be considered based on the principle of MBCR as follows.
		(2)
where  is composed of  basis beams selected from , i.e.
		(3)
and  consists of  weights for the combination of the beams in .
		(4)
·  design
The “best ” can be achieved by selecting  best beams from the total N beams in B. The corresponding feedback overhead is  bits. To further reduce the feedback overhead,  codebook design needs to be considered, each codeword corresponding to a fixed beam subset. The appropriate selection of a beam subset for each  codeword and the size of  codebook need to be further studied in NR.
·  design
According to equation (4), a  codeword consists of  components, so the total overhead of  using per-element quantization is  bits, where  is the number of bits available to quantize a complex weight including the real and imaginary parts. Advanced quantization methods of  need to be studied in NR, considering the tradeoff between feedback overhead and channel quantization accuracy. 

Let  denote the vector of  for quantization with unit norm, which can be viewed as a point on a unit sphere of dimension K=. 

                                                                                                                                        (5)

A cube-split quantization is proposed for the represention of , constituted by the following three steps. 



Step 1: Transform the complex vector  into a real vector  in the real unit-sphere, by concatenating the real and imaginary part of a rotation of with respect to the phase of its first coordinate. 





Define a rotated equivalent vector as  where . Then  is constructed by real values as follows.

                              (6)






Step 2: Find the maximum element of ,  where . Normalize  by , so the elements unknown is further reduced to  real values.

                                                                                          (7)        



Step 3: Perform a mapping on  from the unit sphere of dimension  to the unit cube of dimension  by

                                                                                                         (8)

Then  are uniformly quantized between [0, 1]. 






In summary, the bit sequences of  and quantization on  () together constitute the index of a codeword in  codebook, i.e.  PMI. TRP can retrieve the  codeword according to equations (5), (6) and (8), based on  and  () indicated by the  PMI. 
Figure 1 shows the benefit of the above cube-split quantization compared with per-element quantization, in terms of relative beamforming gain. Simulation assumptions and parameters are listed in Appendix A. It is observed that given the same amount of bits to quantize , the cube-split quantization achieves larger BF gain than the per-element quantization. In addition, the proposed scheme with total  bits achieves similar BF gain as the per-element quantization with K bits, where K is the number of elements in . Hence, total  bits can be reduced by usage of the cube-split quantization scheme.
[image: ]
Figure 1. Comparison (relative BF gain) between the cube-split and per-element  quantization (32 ports)
Proposal 1: A two-stage  codebook with appropriate selection of beams in  and cube-split quantization of  should be studied for implicit CSI feedback in NR.
Explicit CSI Feedback 
Explicit CSI feedback includes channel feedback, channel eigenvector feedback, and covariance matrix feedback.
Explicit CSI such as channel and eigenvectors can be quantized and reported in the similar way to the MBCR approach, based on the principle of beam combination, or the channel / channel eigenvector is directly feedback in analog way. 
One Example is given as follows:
· Channel 
For user k, the channel vector on the sub-band m is approximated by 
                                                                                                                                      (9)     
· Eigenvector
For user k, the l-th dominant eigenvector of channel covariance matrix on the sub-band m is approximated by 
                                                                                                                               (10)
Both the indices of wideband beam subset and the corresponding sub-band weights  or  should be reported. The beam combination weights can be quantized and fed back in a digital way, or be directly reported in an analog way.
[bookmark: _GoBack]Proposal 2: Explicit CSI feedback for beam combination or direct channel/channel eigenvector should be studied in NR.
Channel covariance matrix is beneficial to spatial dimension reduction for massive MIMO especially at sub-6GHz frequency band [2][3]. Direct feedback of a large-dimensional channel covariance matrix definitely requires a large number of bits for accurate quantization, so methods need to be studied to reduce the feedback overhead. Considering the high spatial correlation in a compact planar array usually deployed in massive MIMO systems, the channel covariance matrix can be approximated by the Kronecker product of several sub-channel covariance matrices with lower dimensions. Thus, instead of quantizing and feedback of a large-dimensional channel covariance matrix, it is more efficient to report the sub-channel covariance matrices to save feedback overhead and retrieve the entire channel covariance matrix at TRP based on Kronecker product. Codebook design for these sub-channel covariance matrices needs to be further investigated. Two alternatives are listed below to elaborate the proposed scheme.
· Alternative 1


For a planar array (N1, N2, 2), the  channel covariance matrix  can be approximated by the Kronecker product of two sub-channel covariance matrices, respectively corresponding to the horizontal cross-polarized linear array (CLA) and the vertical uniformly-spaced linear array (ULA). 

                                                                                                            (11)       




where  is the  sub-channel covariance matrix of the horizontal array (1, N2, 2), and   is the  sub-channel covariance matrix of the vertical array (N1, 1, 1). 

Figure 3. Alternative 1 of channel covariance matrix feedback
· Alternative 2


In another alternative, the  channel covariance matrix  can be approximated by the Kronecker product of three sub-channel covariance matrices, respectively corresponding to the horizontal ULA, the vertical ULA and a 2Tx CLA. 

                                                                                                                           (12)





where  is the 2x2 sub-channel covariance matrix of array (1, 1, 2), capturing the correlation between two polarizations,  is the  sub-channel covariance matrix of the horizontal array (1, N2, 1), and   is the  sub-channel covariance matrix of the vertical array (N1, 1, 1).

Figure 4. Alternative 2 of channel covariance matrix feedback
Proposal 3: Kronecker-product based channel covariance matrix feedback should be studied in NR. 
Reciprocity Based CSI Acquisition
[bookmark: OLE_LINK4]Reciprocity based feedback scheme needs to be investigated for TDD systems in NR, due to avoidance of CSI feedback delay and accurate CSI without quantization. Considering higher propagation loss in NR than LTE/LTE-A [4] and limited UE transmission power, to extend UL coverage and achieve sufficient channel estimation accuracy, multi-beam based and power boosting are two possible solutions for enhancement on SRS transmission. For multi-beam based scheme, function of beam tracking/refinement needs to be considered on SRS transmission as well as channel acquisition. 
Proposal 4: Both multi-beam based and power boosting schemes should be studied to enhance reciprocity based CSI acquisition in NR.
Interference Measurement
Probing Based Interference Measurement
Interference measurement is crucial to link adaptation quality. It is a very important part of CSI feedback framework. Unfortunately, interference measurement has not been specified until LTE Rel-11. Interference measurement based on reference signal (CSI-RS/DMRS/CRS) or PDSCH as well as timing relation between interference measurement and reporting are all left for UE implementation. In Rel-11, IMR (Zero power CSI-RS) was specified for interference measurement. In Rel-13, measurement restriction for both channel and interference was also introduced.  To some extent, those enhancements help TRP choose more suitable MCS levels to UE.
[image: ]
Figure 5: Interference measurement probing with IMR
In spite of the specified interference measurement resource and timing relation between measurement and reporting, link adaption still suffers mismatch between measurement time and reporting time due to the dynamic variation of inter-cell interference. One way to mitigate this mismatch is to probe the interference of subframe n+L with small amount of resource at subframe n by mimicking scheduling of subframe n+L. Figure 5 shows this interference measurement probing mechanism with IMR. It can be seen M times more interference measurement overhead than TM10 single cell MIMO with only 1 IMR. 
As discussed, the obvious disadvantage of IMR based interference measurement specified in Rel-11 is huge overhead. However, if NZP CSI-RS can be allowed for probing interference of upcoming L subframes, overhead can be greatly reduced as shown in Figure 6.
[image: ]
Figure 6:  Interference measurement probing with NZP CSI-RS
Proposal 5: Non-zero-power (NZP) CSI-RS should be studied for interference measurement in NR to enhance link adaptation.
Interference Measurement Based on Demodulation RS
With more users co-scheduled and spatially multiplexed in NR, MU interference generates larger impact on the reliability of downlink transmissions. Demodulation RS can be employed to measure interference resulting from co-scheduled users in MU-MIMO. The advantages of the aforementioned interference measurement scheme include:
· Data demodulation will be more reliable based on the interference channel measurement and interference suppression.
· Link adaptation can also be enhanced with MU-CQI measurement and reporting based on the interference measurement mentioned above.
One challenge of the aforementioned interference measurement scheme is that a given UE does not know which other UEs are to be co-scheduled during the time interval of interference measurement. Hence, multiple hypotheses of the interference are needed. To perform interference measurement, UE should know some configuration information of the related demodulation RS ports, for example,
· Antenna port index of demodulation RS for co-scheduled UE,
· Demodulation RS initialization parameters (e.g., scramble ID/Cell ID/time/frequency mapping position information).
Generally, in the demodulation RS based interference measurement scheme, UE should know all of the port indices and the initialization parameters of the demodulation RSs assigned to co-scheduled users. The aforementioned information can be acquired in an explicit or implicit way, but the latter is more preferred considering the constraint on signaling overhead. 
Proposal 6: Demodulation RS needs to be studied for interference measurement in NR to enhance data demodulation and link adaptation.
CSI Measurement and Reporting Procedure
Multi-level CSI Measurement and Reporting
A two-level CSI measurement and reporting as shown in Figure 7 is required for massive MIMO with dynamic spatial dimension reduction (DSDR) especially at sub-6GHz frequency band [2][3], each level corresponding to one of the two precoding stages.
· First-level CSI measurement and reporting
TRP configures measurement on wideband/long-term channel statistics information for the DSDR precoding, then UE estimates and reports the corresponding explicit CSI, such as channel covariance matrix. 
As discussed in section 3.2, the channel covariance matrix can be retrieved by Kronecker product of 2 (alternative 1) or 3 (alternative 2) sub-channel covariance matrices. So the first-level CSI measurement and reporting can be divided into 2 or 3 steps on the measurement and reporting of these sub-channel covariance matrices. 
· Second-level CSI measurement and reporting
TRP configures measurement on subband/short-term instantaneous channel with a reduced dimension based on DSDR, then UE estimates and reports the corresponding CSI, either in implicit CSI feedback or explicit CSI feedback.
Following the proposed two-level CSI measurement and reporting, hybrid CSI-RS configuration should be further studied for sub-6GHz, by utilizing non-precoded CSI-RS for each step in the first-level CSI measurement and beamformed CSI-RS for the second-level CSI measurement. 
Proposal 7: Multi-level CSI measurement and reporting should be supported in NR, e.g. joint use of explicit and implicit CSI feedback.

Figure 7. Procedure of multi-level CSI measurement and reporting
Aperiodic/Periodic/Semi-persistent CSI Measurement and Reporting
To meet various accuracy requirements for the aforementioned two-level CSI measurement and reporting, different periodicity for the two levels should be allowed. Longer periodicity is sufficient to measure the first-level channel statistics information, so periodic or semi-persistent CSI measurement and reporting is preferable. But for the second-level instantaneous channel, accurate CSI should be guaranteed to achieve high system capacity, especially in scenarios with fast-varying channel, so applying aperiodic CSI measurement and reporting is a beneficial way for efficient resource utilization and high CSI resolution. In summary, aperiodic, periodic and semi-persistent CSI measurement and reporting should all be supported in NR. 
Proposal 8: All of aperiodic, periodic and semi-persistent CSI measurement and reporting should be supported in NR.
Self-contained CSI Measurement/Reporting/Triggering
The performance of massive MIMO is significantly dependent on the accuracy of CSI, which is affected by quantization, feedback error, measurement and feedback delay and channel variation. Self-contained CSI triggering, measurement and reporting is beneficial to eliminate CSI feedback delay and therefore improves CSI estimation accuracy. In details, as shown in Figure 8, an UL field is attached in the end of a DL time interval for channel acquisition, such as explicit/implicit CSI feedback, or SRS transmission together with interference feedback. 


Figure 8. Self-contained CSI triggering, measurement and reporting 
Proposal 9: Self-contained CSI triggering, measurement and reporting should be supported in NR.
Conclusions
This contribution discusses the CSI acquisition mechanism to be applied for DL MIMO in NR and concludes with the following observations and proposals:
Proposal 1: A two-stage  codebook with appropriate selection of beams in  and cube-split quantization of  should be studied for implicit CSI feedback in NR.
Proposal 2: Explicit CSI feedback with beam combination or direct channel/channel eigenvector should be studied in NR.
Proposal 3: Kronecker-product based channel covariance matrix feedback should be studied in NR.
Proposal 4: Both multi-beam based and power boosting schemes should be studied to enhance reciprocity based CSI acquisition in NR.
Proposal 5: Non-zero-power (NZP) CSI-RS should be studied for interference measurement in NR to enhance link adaptation.
Proposal 6: Demodulation RS needs to be studied for interference measurement in NR to enhance data demodulation and link adaptation.
Proposal 7: Multi-level CSI measurement and reporting should be supported in NR, e.g. joint use of explicit and implicit CSI feedback.
Proposal 8: All of aperiodic, periodic and semi-persistent CSI measurement and reporting should be supported in NR.
Proposal 9: Self-contained CSI triggering, measurement and reporting should be supported in NR.
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Appendix A. Simulation Assumptions and Parameters
Table 1. Simulation assumptions and parameters
	Performance metric
	Relative beamforming gain

	Channel Model
	3D UMi

	Carrier frequency
	2.5 GHz

	TRP antenna configuration
	[bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK243][bookmark: OLE_LINK244]Single-polarized uniform planar array with 0.5λ horizontal antenna spacing and 0.8λ vertical antenna spacing
· 32 Tx: (4, 8, 1)
· 16 Tx: (4, 4, 1)

	UE antenna configuration
	Cross-polarized linear array
· 2 Rx: (1, 1, 2)

	System bandwidth
	20MHz

	Number of subbands
	20

	Channel estimation
	Ideal

	DL CSI
	Rank-1 precoding vector

	Base codebook B
	For TRP antenna configuration (N1,N2,2): 
B is a N1N2 x N1N2 DFT matrix, the number of column vectors of which is N= N1N2.



Relative beamforming gain defined below is used as performance metric to evaluate the beamforming gain between two quantization  and .

where
,
 is the downlink CSI, and  is  the quantized CSI.
In simulations,  is the LTE Rel-13 codebook with config 1,  for 32-port,  for 16-port, and .
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