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Introduction
As an important part of NR-MIMO design, CSI acquisition facilitates a variety of MIMO operations, such as beamforming, spatial multiplexing, SU/MU-MIMO adaptation, etc.  There are two crucial parts in CSI acquisition – channel/interference measurement and CSI feedback.  Regarding interference measurement, a WF [2] was discussed in RAN1#87.  But the definition of IMR (e.g., ZP CSI-RS, NZP CSI-RS, etc.) is still open.  For CSI feedback, it was agreed in RAN1#87 [1]:
· For Type I CSI, PMI codebook has at least two stages W = W1W2
· W1 codebook comprises of beam groups/vectors 
· FFS structure and configuration of W1 codebook, e.g. number of ports, grid of beams, orthogonal, non-orthogonal, beam broadening, etc
· FFS frequency granularity of W1 and W2 reporting
· FFS on additional support of W3 (location of W3 matrix is FFS), e.g. multi-panel support, analog beam selection
· Note multi-panel support may be captured in W1, W2 and/or W3
· For Type II CSI, 
· Study the following CSI feedback schemes
· Analog CSI feedback
· Linear combination based CSI feedback
· Precoder / Precoding Matrix
· Downloadable codebook
· Contents for Quantized or Unquantized CSI feedback
· Channel covariance matrix feedback
· Channel Approximation and/or Measurement 
· Channel Eigen vectors
· Other forms of channel representation are not excluded.
For Type II CSI feedback, only linear combination based construction was agreed after the meeting.  
In this contribution, we share our views on interference measurement resource and on the design of CSI feedback.
Interference measurement resource
In LTE TM9 and TM10, a UE can be configured with a non-zero power (NZP) CSI-RS for channel measurement and an interference measurement resource (IMR) for inter-cell interference measurement for CSI reporting.  The UE always assume that the signal received on IMR is from non-serving cells, i.e., the signal observed on IMR shall be treated as inter-cell interference.  Although the LTE specification doesn’t prevent a serving cell of the UE to emulate MU interference on the IMR, the network cannot determine the total number of layers which is needed to set a proper power scaling.  This issue can be addressed by measuring interference based on pre-committed/pre-scheduled NZP CSI-RS.  Figure 1 shows how this can be done, in two ways.  
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Figure 1.  Two possible designs of link adapation based on NZP pre-commited CSI-RS.
The gNB first pre-schedules some UEs either based on the UL channel sounding or based on the CSI feedback using LTE-alike non-precoded- or beamformed CSI-RS.  Then, the gNB transmits a NZP CSI-RS to those pre-scheduled UEs before transmitting the data.  The UEs can thus observe the MU interference, i.e., the interference on layers other than its own layers, and measure the CQI based on its receiver capability.  On receiving the CQI reporting, the TRP can transmit the data using a proper MCS.  The UE may optionally feedback a refinement precoding matrix based on the pre-committed CSI-RS together with a rank indicator to provide a better link adaption.
Figure 2 below shows the impact of using NZP CSI-RS for interference measurement for CSI feedback.  For the solid curve, CSI is measured at the UE as follows. The inter-cell interference, Rnn, is measured using the other-cell interference measured on ZP-CS-IRS tones and the NZP-CSI-RS from the serving cell. The NZP-CSI RS from the serving cell is also used for channel estimation from the serving cell.  Together, these quantities are used for measuring the CSI from the serving cell.
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Figure 2.  Impact of Using ZP-CSI-RS tones for inter-cell part of Rnn for CQI computation (SU-MIMO).
For the pre-committed-CSI-RS (dashed curve), CSI is measured entirely from the NZP pre-committed-CSI-RS.  Due to inaccurate Rnn measurement on the CSI-RS scheduled to the UE, the MCS reported for the solid curve is lower than that reported for the pre-committed CSI-RS. This affects served throughputs, and also the proportional fair metrics, and potential future scheduling decisions at the gNB. 
As shown in the figures, the impact of imperfect Rnn measurement for CSI measurement affects DL throughput. As the number of BS antennas increases (or in the case of JT-CoMP), the beams get narrower and the impact of imperfect Rnn estimation will be even more significant than what is shown above.
Measuring inter-cell interference accurately using ZP-CSI-RS tones would require additional resources within the subframe that carries CSI-RS tones. In the case of MU-MIMO, if UE 1 and UE 2 were scheduled together, then we would need 2 sets of IMR tones (one where transmission to UE 1 is silenced and another where that of UE 2 is silenced) along with NZP-CSIRS tones. This would result in an increase of overhead. In addition, use of LTE-style NZP-CSIRS would require power adjustment in the CQI computation equations. For these reasons, we propose that the Pre-committed CSI-RS shall be supported in NR.
Proposal 1: NR supports NZP pre-committed CSI-RS as interference measurement resource.  The NZP pre-committed CSI-RS shall be with uniform frequency density.  Its design shall consider channel estimation algorithm commonality.
With NZP CSI-RS, UEs in the same cell can share a common ZP CSI-RS for inter-cell interference measurement.  The measured inter-cell interference can be used to generate pre-whitened SRS.  Exploiting the UL/DL reciprocity, the network may perform pre-scheduling based on pre-whitened UL channel.  
Proposal 2: NR supports ZP CSI-RS as interference measurement resource.
CSI feedback
Type I feedback
Since LTE Rel.10, a two-stage CSI feedback of W1 and W2 which reflects the wideband/long-term and subband/short-term channel characteristic is included in the codebook design.  The design is dedicated to the optimization of SU-MIMO performance at acceptable UE complexity and overhead. 
For Type I CSI in NR-MIMO, two-stage CSI feedback should be leveraged, whereas the resolution of the CSI shall be restricted within one beam basis such as single beam DFT precoder for simplicity.  For NR-MIMO, the use case of type I CSI feedback shall consider the UE implementation complexity with normal resolution.  Both single panel and multi-panel antenna array shall be supported within Type I CSI feedback. 
It needs to be clarified that the multi-panel for Type I CSI feedback considers only ‘closely spaced’ arrays.  For antenna array with ‘largely spaced’ arrays, or even panels across multiple TRPs with joint transmission, the definition of the CSI feedback will be more complicated since multiple beams from multiple W1 need to be combined.  It is preferable that such types of CSI feedback is not supported in the 1st stage of NR-MIMO, at least not in Type I CSI feedback.
Proposal 3: Type I CSI should aims at SU-MIMO based on implicit CSI with one beam in basis.
Proposal 4: Type I CSI should support single panel or multi-panel antenna array within one TRP. 
W1 design in Type I CSI
In LTE FD-MIMO, W1 design of codebook consists of DFT or 2D-DFT beams.  In order to increase the beam granularity in angular domain, oversampling between orthogonal DFT beams was defined. The oversampling factor is jointly determined by horizontal and vertical antenna numbers in FD-MIMO.  The combination of oversampling factor can be (4, 4), (8, 4), (8, 8), (8, -), or (4, -), which is signalled via RRC.  However the performance is not significantly improved with large oversampling rate in many cases.  For example, for (M, N, P, Q) = (8, 4, 2, 16) with Rel.13 FD-MIMO codebook, less than 3% performance difference with oversampling (8, 8) and (4, 4) is observed with Configs 1~4.  In order to simplify signalling design, reduction of the oversampling combinations shall be considered.
Proposal 5: Strive to minimize the number of oversampling factors in NR-MIMO.

Figure 3.  Performance gain of oversampling (8, 8) over (4, 4) @ 16 port, MU-MIMO, 3D-UMa, 50% RU.
Regarding the grid of beams design, 4 different types of beam grids, i.e. ‘Config 1~4’ was defined in FD-MIMO.  For Config 1, single beam based construction of W1 was adopted where the fixed beam is utilized over the entire bandwidth.  This structure is good enough when channel angular spread is small over the entire wideband.  For Config 2~4, 4 beams defined W1 can be selected per subband, which provide additional flexibility for supporting larger horizontal or vertical angular spread.  It was mentioned in [4] that the single beam constructed W1 of ‘Config 1’ is selected as a starting point of the W1 construction.  We observe that at least for antenna array such as (M, N, P) = (1, 16, 2), the gain of Config 4 over Config 1 is around 6% cell edge gain under MU-MIMO scheduling.  This reflects that multi-beam based W1 still has its advantage over single-beam based W1, especially for large arrays with narrow beam forming capability.  Further studies on the grid of beams size and structure is needed if larger antenna array is supported.
Proposal 6: Consider W1 with multiple beams to adapt different angular spread in NR-MIMO, at least for low rank (<=2).

Figure 4.  Performance comparison of Config4 vs. Config1, 1D 32 port, MU-MIMO, v50% RU.
Meanwhile, non-orthogonal beam selection was designed for constructing the Rank1/2 codebook in FD-MIMO.  For Rank equalling 3 or above, orthogonal beam selection pattern was specified to maintain cross layer orthogonality.  If we further look back into the dual codebook design of Rel.10 and Rel.12, non-orthogonal beam based W1 was specified for 8Tx, whereas orthogonal beam based W1 was made for 4Tx.  To our understanding, either non-orthogonal or orthogonal grid of beams has its own advantage, which depends on factors including antenna array structure, UE channel profile, rank support, etc. For example, non-orthogonal beams selection is supported for channel with small angular spread, whereas orthogonal beams is utilized for channel with large angular spread.  For NR-MIMO which supports various types of array and scenario, a configurable W1 which supports both non-orthogonal and orthogonal beam based W1 should be considered.   
Proposal 7: For NR-MIMO, orthogonal and non-orthogonal W1 can be jointly supported in NR-MIMO by configuration.
W2 design of Type I CSI
In Rel.13 FD-MIMO codebook design, a maximum or 4 beam selection and 4 co-phasing hypothesis are supported with a 4 bit W2 report.  Even though increase the beam selection or number of co-phasing will improve the performance, the cost of overhead and UE complexity will be obviously higher when subband level W2 feedback is applied.  In addition, type II CSI reporting can specify the higher resolution CSI to improve channel feedback accuracy, there no strong need to increase the W2 accuracy in type I CSI reporting.
Proposal 8: Considering of 4 bit W2 CSI feedback in type I CSI feedback as a starting point.
Multi-panel support
In [5], a WF of multi-panel based MIMO for DL and UL was made.  Both uniform and non-uniform panel array are considered.  For uniform array, which can be regarded as a single panel structure, joint transmission across panels shall always be assumed to achieve larger beamforming gain.  For non-uniform array, the continuity of the linear array breaks on the edge of the panels, therefore the codebook design shall facilitate such array structure. 
To support coherent or non-coherent transmission in multi-panel, new codebook or signalling needs to be specified.  One example of the panel is shown below.  In the plot,  panels are placed in the 2D grid.  The distance between panels edge are and  for horizontal/vertical panels, and we assume they are uniform between panels.
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Figure 5.  Multi-panel joint transmission illustration.
For joint transmission codebook design, the signal from multi-panels needs to be coherently combined at UE.  Therefore the phase or even power information across multi-panels needs to be obtained by the codebook configuration.  One way to capture such phase is to introduce new factors such as power and/or phase in the codebook feedback.  Then, the main difference compared with a single panel is the construction of beam basis.  Recall that the codebook for a single-panel is based on 2D-DFT beams which are constructed by

where  are the DFT beam indices of horizontal and vertical.  For closely spaced multi-panels, each panel tends to prefer similar beamforming direction.  It means that the same  may be applied for all panels.  If the inter-panel phases,  and , are assumed to be linearly increased, then the 2D-DFT beam can be formulated as

where

The additional feedback of   needs to be reported by UE, ( needs to be configured by downlink signaling.
Moreover, if we look into the structure of a multi-panel array, it can also be modelled as the puncturing of antennas from a large single-panel array.  This could be a fair assumption if the panels are well calibrated and the inter panel distance is not significantly large.  The beam for the multi-panel before puncturing can be formulated as 

where ,.  In the formulation,  ,,   and are equivalent number of total Tx antennas without puncturing.  Since the distance between panels is highly correlated with the inter panel phase, we can simply recover the phase discontinuity by define the phasing increment factor  and  on horizontal or vertical panels.  We have

where


To support the construction of such codebook, ( needs to be configured, no extra feedback of inter panel phase is required any further.
It needs to be clarified that the legacy dual codebook structure can still be leveraged without introducing new factors such as W3.  Adding new feedback component in W3 will further complicate the codebook structure and introduce unnecessary changes in feedback.  Power weighting is generally not in favourite of multi-panel CSI feedback, since this will further increase codebook size and feedback overhead.  We suggest that consider Type II CSI reporting if power needs to be introduced to the codebook.
Proposal 9: W3 for combination of multi-panels shall be considered as a part of W1 and W2 for a simplified design. 
Proposal 10: Simplify the feedback of multi-panel support in Type I CSI feedback, such as using constant power and unitary phase offset across panels. 
Type II CSI feedback
In Rel.14 eFD-MIMO, advanced CSI design aims at increasing the resolution of feedback channel, which improves the MIMO performance, especially for MU-MIMO case.  In NR-MIMO, such CSI feedback is categorized into Type II CSI reporting.  In general, the definition of Type II CSI feedback can be based on linear combination beam basis such as DFT beams. 
One area undergone discussion in advanced CSI of eFD-MIMO design was whether advanced CSI shall be based on implicit CSI or explicit CSI.  In the way forward on codebook design of eFD-MIMO [6], implicit based CSI feedback design was selected with 2 beam linear combination.  In NR-MIMO, Type II CSI hasn’t excluded implicit or explicit as candidates.  In fact, hybrid CSI feedback can be more flexibly configured if implicit or explicit CSI feedback are both supported.  We list some possible use cases by jointly configuration of implicit or explicit CSI in hybrid CSI feedback. 
Table 1.  Hybrid CSI reporting based on Type II CSI feedback.
	1st CSI
	 2nd CSI
	Example

	Implicit
	Implicit
	Beam selection for 1st stage, and combining based codebook for 2nd stage

	Implicit
	Explicit
	Beam selection/weighting for 1st stage, explicit channel/eigen vector feedback for 2nd stage

	Explicit 
	Implicit
	Explicit covariance feedback for 1st stage, beam combining codebook for 2nd stage [7]

	Explicit
	Explicit
	Explicit covariance feedback for 1st stage, explicit channel/eigen vector feedback for 2nd stage


To enable such implementation of hybrid CSI feedback, both implicit and explicit has to be separately configured and feedback.  For implicit CSI feedback, the feedback component as well as codeword selection criteria is well defined.  For explicit CSI feedback, the component is not yet clearly defined.
Observation 1: Feedback components of explicit CSI needs to be defined for Type II CSI feedback.
Implicit Type II CSI feedback
For implicit CSI feedback based on linear combination of multiple basis, one of the topic in argument is the basis is on either orthogonal or non-orthogonal basis.  As illustrated in [7], orthogonal beam basis has clear performance advantage over non-orthogonal basis.  In fact, the strongest motivation of introducing non-orthogonal basis for eFD-MIMO advanced CSI is to leverage existing beam selection pattern in FD-MIMO Class A codebook W1, which is non-orthogonal.  For NR-MIMO, there’s no such need if orthogonal basis is supported for both Type I and Type II CSI reporting.  We propose here that orthogonal beam basis should be used for type II CSI reporting. 
Observation 2: Orthogonal beam basis advantage over non-orthogonal beam basis from performance perspective.
Proposal 11: Orthogonal beam should be used for Type II CSI feedback as linear combination basis.
Higher resolution CSI feedback in Rel.14 eFD-MIMO only incorporated 2 beam combination, which may not deliver sufficient channel information.  Larger number of beam combination such as 4 may be a candidate for Type II CSI feedback in NR.  The quantization level of power or phase was restricted to 2 bits in advanced CSI design of eFD-MIMO, due to feedback overhead limitation of PUCCH.  It is possible that a more flexible feedback supporting larger number of UCI payload can be designed for NR-MIMO.  The increasing on the quantization levels, or the beam numbers in the basis for Type II CSI feedback is feasible thereafter. 
Proposal 12: Number of beams in the basis and quantization level of type II CSI should be studied for performance and complexity trade off in NR-MIMO.
Explicit Type II CSI feedback
As mentioned earlier, explicit CSI feedback can be configurable on W1 or W2 in Type II CSI reporting.  In fact, explicit CSI has its advantage over MU paring or nulling since it directly reflects the UE received channel rather than the SU oriented implicit CSI feedback.  One of the remaining issue is the definition of component for explicit CSI feedback.  In our perspective, the same CSI feedback framework can be defined for both explicit and implicit CSI feedback.  This can reduce the challenge of extra feedback signalling design for explicit CSI feedback.  
For legacy implicit CSI feedback, the CSI feedback includes CQI and PMI/RI as its components.  Correspondingly, rxSNR and quantChannel/channelRank can be defined for explicit CSI feedback.  Similar to RI definition of implicit CSI feedback, the channelRank defines the rank of channel after compression.  For example, it can be the number of dominant eigenvectors, or the number or equivalent number of Rx channel after compression.  The rxSNR can be simply defined as the SNR per channelRank, which is similar to CQI versus RI.  The quantChannel refers to the quantized explicit channel, such as compressed channel, dominant eigenvectors, or covariance matrix, which may include basis of compression, element- or vector-wise power and phase weighting. 
In Table 2, we summarize examples of the implementation of different types of explicit CSI feedback, such as compressed channel, eigen-components, and covariance matrix, using columns of for dimension reduction.
Table 2.  Examples of explicit CSI feedback implementation.
	
	ChannelRank
	RxSNR
	QuantChannel

	Channel feedback
	# of Rx or equivalent Rx of compressed channel
	diag/
	Compression of channel


	Eigen-components
	# of compressed eigenvectors 
	 , is the eigen value for the ith dominant eigenvector
	Compression of eigenvector


	Covariance matrix
	# of rank of compressed covariance matrix
	diag
	Compression of cov. matrix
, where 


Proposal 13: A unified structure of CSI feedback shall be defined for both explicit and implicit CSI feedback.
Conclusion
In this contribution, we discuss views on interference measurement resource for CSI acquisition, Type I and Type II CSI feedback.  Our proposals are summarized as follows.
Interference measurement resource
Proposal 1: NR supports NZP pre-committed CSI-RS as interference measurement resource.  The NZP pre-committed CSI-RS shall be with uniform frequency density.  Its design shall consider channel estimation algorithm commonality.
Proposal 2: NR supports ZP CSI-RS as interference measurement resource.
Type I CSI feedback
Proposal 3: Type I CSI should aims at SU-MIMO based on implicit CSI with one beam in basis.
Proposal 4: Type I CSI should support single panel or multi-panel antenna array within one TRP. 
Proposal 5: Strive to minimize the number of oversampling factors in NR-MIMO.
Proposal 6: Consider W1 with multiple beams to adapt different angular spread in NR-MIMO, at least for low rank (<=2).
Proposal 7: For NR-MIMO, orthogonal and non-orthogonal W1 can be jointly supported in NR-MIMO by configuration.
Proposal 8: Considering of 4 bit W2 CSI feedback in type I CSI feedback as a starting point.
Proposal 9: W3 for combination of multi-panels shall be considered as a part of W1 and W2 for a simplified design. 
Proposal 10: Simplify the feedback of multi-panel support in Type I CSI feedback, such as using constant power and unitary phase offset across panels. 
Type II CSI feedback
Proposal 11: Orthogonal beam should be used for Type II CSI feedback as linear combination basis.
Proposal 12: Number of beams in the basis and quantization level of type II CSI should be studied for performance and complexity trade off in NR-MIMO.
Proposal 13: A unified structure of CSI feedback shall be defined for both explicit and implicit CSI feedback.
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