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Introduction
In RAN1#85, the following high level framework was agreed for NR CSI reporting:
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

In this contribution, we discuss how techniques for Type I and Type II can be defined as well as some candidate techniques.  A unified framework for implicit and explicit feedback is discussed, and a high level scheme for Type II CSI reporting is proposed.
Explicit and Implicit CSI Schemes for Type II Feedback
Explicit and implicit feedback schemes have been discussed in RAN1 for quite some time.  However, very few practical schemes can be described as purely implicit or explicit (as defined in [1]), since, for example, implicit schemes can be used as crude approximations for the channel in non-codebook based precoding, while explicit CSI feedback schemes often rely on CQI.  Consequently, it is better to compare concrete examples of schemes.  In this section, we provide two examples of high resolution explicit and implicit CSI feedback in order to compare and contrast how their CSI is calculated, what parameters are needed, and their feedback requirements.
In an explicit feedback methodology, a UE strives for feeding back a representation of a channel state as observed by the UE on a number of antenna ports, without taking into account how the reported CSI is processed by the eNB when transmitting data to the UE. Similarly, eNB also does not know how such a hypothetical transmission is processed by the UE on the receiver side. The channel part of the feedback report could consist of quantized coefficients of the channel matrix , the TX correlation matrix , the RX correlation matrix , the vectorized correlation matrix  or the eigenvector(s) of the said correlation matrices. The UE may also perform some additional processing of the observed channel matrix such as transforming it to a matrix space where the channel can be expressed more sparsely in order to reduce the number of channel coefficients. The experienced interference level would also be conveyed to the eNB in the form of some observed quantity, such as an RX antenna correlation matrix measured on an IMR. 
In an implicit feedback methodology, on the other hand, a UE feeds back a desired transmission hypothesis as well as consequences of that transmission hypothesis. In LTE, the transmission hypothesis is indicated with a PMI and RI which maps to a precoder matrix in the configured codebook which is applied to the measured antenna ports to form the hypothetical transmission. The CQI correspondingly indicates the appropriate MCS given the indicated transmission hypothesis and thus takes receiver processing into account.
Explicit feedback scheme 
It is clear that the explicit channel feedback has to be compressed in some way in order to have a reasonable overhead, as feeding back the full channel matrix for each subband would lead to intolerable amounts of overhead. The traditional approach of most compression algorithms is to utilize correlation between samples in order to compress them. One such way is to find a basis where the sample vector can be expressed sparsely, perform a basis change by multiplying the sample vector with a basis transformation matrix, and finally discard everything but a couple of the strongest coefficients of the sample vector expressed in that basis. If the sample vector is sparse enough, the compression loss is small. 
Such a method could of course be applied to the explicit channel feedback problem, and a natural basis that would sparsely express the channel matrix  from a 2D antenna array is a 2D DFT basis. Given that the propagation channel between the 2D antenna array and the UE antenna is spatially correlated, the channel matrix, expressed in 2D-DFT beam space, could be significantly sparser than expressed in antenna space. The equivalent 2D-DFT beam space channel matrix can be derived by multiplying the antenna space channel matrix  with an orthonormal transformation matrix  as

where  is a size  DFT matrix, i.e. the elements of   are defined as   and ,  are the number of antenna ports in the horizontal and vertical dimension, respectively. The columns  of  constitutes an orthonormal basis of the vector space  and each column corresponds to a DFT beam transmitted on one polarization. 
An explicit feedback scheme could thus work by selecting the  strongest beams (which could be selected once for the entire bandwidth) and only feeding back the beam space channel coefficients of the reduced beam space channel matrix  obtained by selecting  columns from , where  is the number of receive antennas at the UE. Each beam space channel coefficient is then uniformly quantized in gain and phase with  bits per coefficient. It is noted that reduced beam space feedback is applicable also to eigenvector feedback or correlation feedback.
One can further reduce the number of beams required to express the channel matrix by allowing the beam space to be rotated, that is, multiplying the DFT matrix for each dimension with a size  rotation matrix , defined for . Multiplying  with  from the left creates a rotated DFT matrix with entries .  That is, a rotated 2D beam space transformation matrix may be expressed as
.
We assume that the rotation factors  are uniformly quantized, i.e. .  and that 4 rotation hypothesis per dimension is used, i.e. .
Rotating the beam space basis has an effect similar to oversampling a codebook, for example, if the channel is a pure LOS channel and the angle of the LOS ray if perfectly aligned with a constituent beam in the beam space, the channel matrix can be described by only one beam coefficient. However, if the angle of the LOS ray lies in between two beams in the beam space, two beam coefficients are required to express the channel, doubling the amount of overhead needed.
Depending on the number of bits used to quantize the channel coefficients  and how many columns of the beam space channel matrix , i.e. how many beams, are fed back, the overhead is as follows.
Overhead calculation:
· Beam selection + rotation:  bits (wideband)
·  bits assuming 
· Coefficient quantization:  bits per subband assuming channel matrix feedback with 2RX (or rank 2 eigenvector feedback)
· Assuming 9 subbands, the total overhead:  bits
Implicit feedback scheme 
We summarize an approach here for implicit advanced CSI enhancements. More detail is available in [2] and [3].
We propose that a new advanced CSI codebook should keep the familiar factorized codebook structure, where the precoding matrices  are decomposed into a wideband matrix factor and subband  matrix factor as

but where new codebooks for  and  are designed. 
The W1 design for advanced CSI reporting should include:
· Beam selection: Provide an unconstrained selection of  orthogonal (2D) DFT beams in order to ensure that the selected beams correspond to the multi-path components of the channel. Hence, beam selection is not limited to select beams from a subset of beams.
· Beam power allocation: Setting the relative power level of the beams in the precoder so that the relative strength of the different multi-path components of the channel are taken into account.
· Beam space rotation: Rotating the orthogonal DFT basis from where beam selection is done in order to maximize the channel energy captured by the precoder, similar to oversampling.
The W2 design for advanced CSI reporting should include:
· Beam co-phasing: Co-phasing of the selected beams in .
One may thus express the W1 matrix as the multiplication of a beam selection matrix  and a beam power matrix  as

The selected beam matrix consists of columns from , as defined in the previous Section, where  beams are selected, as


where  denotes the selected beam indices 

where denotes the horizontal and vertical orthogonal DFT beam indices of the  selected beam, respectively. The beam power matrix can be expressed as

where  denotes the relative power allocation for each selected beam.

The enhanced W2 matrix may then be expressed as

where  is the transmission rank,  is the number of DFT beams in W1 per polarization and  is a co-phasing factor from a PSK alphabet intended for the  column of W1 and the  layer.
Given that W1 comprises  beams, that the relative power allocations  may be selected from  different values and that the co-phasing factors may be selected from a -PSK constellation, the resulting feedback overhead will be as follows.
Overhead calculation:
· For W1 (wideband):
· Beam selection + rotation:  bits 
·  bits assuming 
· Beam power selection:  bits
· For W2 (subband):   per subband, assuming rank-2 report
· Assuming 9 subbands, the total overhead: 
Framework for Implicit and Explicit CSI
Comparing the above approaches to explicit and implicit CSI feedback, it can be seen that they are quite similar.  The main difference is that the explicit framework allows a less constrained representation of the channel, in particular with respect to power variation within a subband.  Consequently, they be expressed in one ‘beam combining’ framework, as follows.
Observations:
Explicit and Implicit CSI can be expressed within one framework, where
· For both Implicit and Explicit CSI:
· Beams are selected from a set of orthogonal 2D DFT vectors
· The beams are all rotated in one 2D direction
· The beams are selected wideband
· The selected/rotated beams are used to form a basis
· The basis is combined using at least phase components
· Polarization and beams combining varies per subband
· Implicit CSI
· Forms the basis with a wideband power weighting on the selected/rotated beams
· Uses only subband phase combining for beams and polarizations
· Explicit CSI
· Forms the basis by projecting the measured channel onto the selected/rotated beams
· Uses both subband gain and phase combining for beams and polarizations
· Different polarizations may have different power as well as cophasing.
Evaluation results
In order to have a fair comparison of methods, we compare the proposed explicit and implicit feedback schemes as a function of their respective feedback overhead. For each scheme, we simulate a number of systems with different parameterizations and thus a different level of performance and feedback overhead. For the explicit feedback scheme, systems with different numbers of beams  and different number of bits for coefficient quantization  have been simulated. For the implicit feedback scheme, systems with different numbers of beams , different number of bits for allocating beam power and different PSK alphabets for co-phasing in W2 have been simulated.
We have simulated the 3GPP 3D UMi scenario with an 8x4 antenna array with 2x1 virtualization, so a 32 port system with  is assumed. The advanced CSI systems perform MU-MIMO transmission and utilizes SLNR precoding. Relative gains are calculated against an SU-MIMO baseline using a Rel. 13 style codebook. Other simulation parameters and the full set of simulation results may be found in the appendix.
In order to compare the performance and feedback overhead of the simulated systems, we plot the results as a scatter plot with the cell edge UTP gain at 70% RU on the y-axis and the associated feedback overhead for channel/PMI feedback on the x-axis in Figure 1. As seen, up to ~150% CE gain is achievable with the implicit CSI scheme while up to ~250% CE gain is achievable with explicit CSI scheme. Though, to reach that level of CE gain, several thousand bits of overhead is required. 
It can be observed that the performance does not monotonically increase with feedback overhead. This can be expected since a CSI report is based on a combination of parameters, and some can be excessively quantized while others have too coarse resolution.  For example, the explicit CSI result at 1500 bits uses a quantization where many beams are reported, but each beam’s gain and phase is coarsely quantized. 
In order to more clearly investigate the performance of the different systems, we remove, for each scheme, the systems that have larger feedback overhead but worse performance than another system so as to only keep the best performing systems for each scheme. We present the result as a line plot in Figure 2, where we have also removed systems with an overhead larger than 1500 bits. As seen in the Figure, the implicit feedback scheme clearly outperforms the explicit feedback scheme when the feedback overhead is smaller than around 500 bits. For larger feedback overheads though, the performance of the implicit feedback scheme saturates and the explicit feedback scheme performs best. Thus, which scheme to choose from a performance versus overhead perspective depends on how much feedback overhead can be tolerated. 
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[bookmark: _Ref457829479]Figure 1: Scatter plot of different explicit and implicit CSI systems, comparing cell edge gain over SU-MIMO Rel.13 CB baseline at 70%RU as a function of feedback overhead for quantizing the channels/precoders.
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[bookmark: _Ref458676351]Figure 2:  Plot of best performing systems of Figure 1.
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Observations:
· The implicit feedback scheme clearly outperforms the explicit feedback scheme when the feedback overhead is smaller than ~500 bits.
· For feedback overheads larger than ~500 bits, the gains from implicit advanced CSI feedback saturates and the explicit feedback scheme has a clear advantage.
Conclusions
In this contribution, we have discussed how techniques for Type I and Type II can be defined as well as some candidate techniques.  A unified framework for implicit and explicit feedback was also discussed.  We made the following observations:

Observations:
· Explicit and Implicit CSI can be expressed within one ‘beam combining’ framework, where
· For both Implicit and Explicit CSI:
· Beams are selected from a set of orthogonal 2D DFT vectors
· The beams are all rotated in one 2D direction
· The beams are selected wideband
· The selected/rotated beams are used to form a basis
· The basis is combined using at least phase components
· Polarization and beam combining varies per subband
· Implicit CSI
· Forms the basis with a wideband power weighting on the selected/rotated beams
· Uses only subband phase combining for beams and polarizations
· Explicit CSI
· Forms the basis by projecting the measured channel onto the selected/rotated beams
· Uses both subband gain and phase combining for beams and polarizations
· Different polarizations may have different power as well as cophasing.
· The implicit feedback scheme clearly outperforms the explicit feedback scheme when the feedback overhead is smaller than ~500 bits.
· For feedback overheads larger than ~500 bits, the gains from implicit advanced CSI feedback saturates and the explicit feedback scheme has a clear advantage.
Based on these observations, we propose:
Proposal:
· Type II CSI feedback schemes include where:
· Beams are selected from a set of orthogonal 2D DFT vectors
· The beams are all rotated in one 2D direction
· The beams are selected wideband
· The selected/rotated beams are used to form a basis
· The basis is combined using at least phase components
· Polarization and beam combining varies per subband
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Appendix
Numerical results
[bookmark: _Ref450043124]Table 1: Simulation results comparing reduced beam space explicit feedback
	50% RU

	Cell edge UTP gain [%]
	Average UTP gain [%]

	Rel. 13 Style Codebook SU-MIMO
	0
	Rel. 13 Style Codebook SU-MIMO
	0

	Rel. 13 Style Codebook MU-MIMO
	28
	Rel. 13 Style Codebook MU-MIMO
	9

	Reduced beam space explicit feedback MU-MIMO
	Reduced beam space explicit feedback MU-MIMO

	Number of Beams
	Coefficient Quantization
	Number of Beams
	Coefficient Quantization

	
	Unquantized
	4 bits
	6 bits
	10 bits
	
	Unquantized
	4 bits
	6 bits
	10 bits

	1
	36
	19
	33
	40
	1
	13
	3
	11
	12

	2
	75
	40
	73
	73
	2
	26
	13
	25
	27

	3
	102
	45
	77
	99
	3
	35
	15
	29
	35

	5
	110
	39
	95
	111
	5
	43
	12
	36
	43

	10
	103
	1
	79
	122
	10
	45
	-4
	33
	48

	16 (Full channel)
	114
	-19
	73
	106
	16 (Full channel)
	47
	-17
	29
	46

	70% RU

	Cell edge UTP gain [%]
	Average UTP gain [%]

	Rel. 13 Style Codebook SU-MIMO
	0
	Rel. 13 Style Codebook SU-MIMO
	0

	Rel. 13 Style Codebook MU-MIMO
	67
	Rel. 13 Style Codebook MU-MIMO
	26

	Reduced beam space explicit feedback MU-MIMO
	Reduced beam space explicit feedback MU-MIMO

	Number of Beams
	Coefficient Quantization
	Number of Beams
	Coefficient Quantization

	
	Unquantized
	4 bits
	6 bits
	10 bits
	
	Unquantized
	4 bits
	6 bits
	10 bits

	1
	99
	82
	93
	87
	1
	27
	21
	27
	26

	2
	161
	107
	149
	155
	2
	55
	31
	50
	53

	3
	200
	106
	181
	195
	3
	66
	35
	62
	63

	5
	226
	92
	198
	227
	5
	79
	27
	66
	78

	10
	244
	36
	184
	251
	10
	89
	5
	67
	87

	16 (Full channel)
	242
	***
	154
	207
	16 (Full channel)
	87
	***
	58
	81






[bookmark: _Ref450056175]Table 2: Evaluation results for multi-beam codebook implicit feedback with 3 bits power quantization
	50% RU

	Cell edge UTP gain [%]
	Average UTP gain [%]

	Rel. 13 Style Codebook SU-MIMO
	0
	Rel. 13 Style Codebook SU-MIMO
	0

	Rel. 13 Style Codebook MU-MIMO
	28
	Rel. 13 Style Codebook MU-MIMO
	9

	Multi-beam codebook MU-MIMO
	Multi-beam codebook MU-MIMO

	Number of Beams
	Phase Quantization
	Number of Beams
	Phase Quantization

	
	Unquantized per RB
	PSK per subband
	
	Unquantized per RB
	PSK per subband

	
	
	2 bits
	3 bits
	10 bits
	
	
	2 bits
	3 bits
	10 bits

	1
	42
	37
	30
	38
	1
	15
	14
	12
	13

	2
	77
	44
	59
	59
	2
	27
	16
	20
	23

	3
	105
	56
	69
	70
	3
	35
	21
	24
	26

	5
	110
	55
	73
	79
	5
	36
	21
	28
	29

	10
	109
	62
	76
	82
	10
	36
	23
	29
	30

	70% RU

	Cell edge UTP gain [%]
	Average UTP gain [%]

	Rel. 13 Style Codebook SU-MIMO
	0
	Rel. 13 Style Codebook SU-MIMO
	0

	Rel. 13 Style Codebook MU-MIMO
	67
	Rel. 13 Style Codebook MU-MIMO
	26

	Multi-beam codebook MU-MIMO
	Multi-beam codebook MU-MIMO

	Number of Beams
	Phase Quantization
	Number of Beams
	Phase Quantization

	
	Unquantized per RB
	PSK per subband
	
	Unquantized per RB
	PSK per subband

	
	
	2 bits
	3 bits
	10 bits
	
	
	2 bits
	3 bits
	10 bits

	1
	105
	89
	85
	82
	1
	35
	31
	30
	31

	2
	151
	107
	121
	116
	2
	53
	37
	46
	44

	3
	180
	114
	132
	167
	3
	61
	41
	48
	56

	5
	218
	119
	143
	152
	5
	69
	46
	53
	56

	10
	225
	121
	162
	163
	10
	73
	46
	58
	59




Table 3: Evaluation results for multi-beam codebook implicit feedback with 6 bits power quantization
	50% RU

	Cell edge UTP gain [%]
	Average UTP gain [%]

	Rel. 13 Style Codebook SU-MIMO
	0
	Rel. 13 Style Codebook SU-MIMO
	0

	Rel. 13 Style Codebook MU-MIMO
	28
	Rel. 13 Style Codebook MU-MIMO
	9

	Multi-beam codebook MU-MIMO
	Multi-beam codebook MU-MIMO

	Number of Beams
	Phase Quantization
	Number of Beams
	Phase Quantization

	
	Unquantized per RB
	PSK per subband
	
	Unquantized per RB
	PSK per subband

	
	
	2 bits
	3 bits
	10 bits
	
	
	2 bits
	3 bits
	10 bits

	1
	42
	37
	40
	38
	1
	15
	14
	14
	13

	2
	69
	42
	52
	67
	2
	25
	16
	20
	24

	3
	95
	54
	73
	69
	3
	32
	19
	25
	26

	5
	100
	51
	82
	87
	5
	36
	21
	29
	31

	10
	122
	55
	76
	88
	10
	40
	23
	30
	32

	70% RU

	Cell edge UTP gain [%]
	Average UTP gain [%]

	Rel. 13 Style Codebook SU-MIMO
	0
	Rel. 13 Style Codebook SU-MIMO
	0

	Rel. 13 Style Codebook MU-MIMO
	67
	Rel. 13 Style Codebook MU-MIMO
	26

	Multi-beam codebook MU-MIMO
	Multi-beam codebook MU-MIMO

	Number of Beams
	Phase Quantization
	Number of Beams
	Phase Quantization

	
	Unquantized per RB
	PSK per subband
	
	Unquantized per RB
	PSK per subband

	
	
	2 bits
	3 bits
	10 bits
	
	
	2 bits
	3 bits
	10 bits

	1
	105
	89
	85
	82
	1
	35
	31
	30
	31

	2
	153
	106
	119
	131
	2
	52
	39
	43
	47

	3
	191
	110
	153
	151
	3
	65
	42
	52
	54

	5
	230
	133
	159
	175
	5
	75
	48
	55
	62

	10
	226
	116
	152
	180
	10
	74
	46
	57
	64



Simulation parameters
	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

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

	Cell layout
	57 homogeneous cells 

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 500 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead not accounted for.  
Channel estimation error modeled.

	Codebook
	2D Grid of Beams based on DFT

	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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