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Introduction
In RAN1#85, the following was agreed regarding advanced CSI reporting:
· Specify enhancement on CSI reporting to improve eNB precoding. The specified enhancement is to be selected from the following categories:
· Enhancements to Rel-13 feedback codebooks (FFS which numbers of antenna ports from the set {8, 12, 16, 20, 24, 28, 32}) that increase CSI resolution through improved beam selection / construction in W1 and/or improved beam/port selection / combining / weighting mechanisms in W2 
· Parameters representing channel coefficients, or some reduced space representation thereof including beam combining / weighting with coefficient quantisation or channel quantisation or channel covariance matrix quantisation
· Uplink physical channel enhancements to carry the representation of channel coefficients can be included if selected
In our companion contribution [2], we discuss and evaluate the two categories of CSI enhancements. In this contribution, we focus on implicit feedback enhancements and discuss the necessary components of the W1 part of a rich CSI codebook. In another companion contribution[3], we conduct system simulations comparing our proposed enhanced W1 design with W1 from legacy codebooks.
[bookmark: _Ref458427169]Necessary components of enhanced W1
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 new codebooks for  and  are designed. 
To effectively express the W1 codebook, we first define a dual-polarized rotated 2D-DFT beam space transformation matrix  as 
,
where  is a size  DFT matrix, i.e. the elements of   are defined as  . The orthogonal 2D beams may thus be indexed by the orthogonal beam indices . Further,   is a size  rotation matrix, defined for . Multiplying  with  from the left creates a rotated DFT matrix with entries . Rotating the beam space basis has an effect similarly 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.
We assume that the rotation factors  are uniformly quantized, i.e. . . Then, a rotated beam is equivalent to an oversampled DFT beam with oversampling factors  and . An example is shown in Figure 1. 
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[bookmark: _Ref457138830]Figure 1: An example of rotated orthogonal beams expressed as oversampled DFT beams

The rationale for expressing the 2D beams by means of rotation indices  and orthogonal beam indices  instead of flat beam indices ,  is that feedback overhead can be saved since the rotation indices are the same for all selected beams. 

Thus, the columns of  thus correspond to mutually orthogonal DFT beams transmitted on one polarization and together constitute an orthonormal basis of the vector space .
The matrices in the W1 codebook are then constructed by a multiplication of a selected beam matrix and a beam power matrix , so that

The selected beam matrix consists of columns from , where  beams are selected, as


where  denotes the selected beam indices 

The beam power matrix can be expressed as

where  denotes the relative power allocation for each selected beam.
Thus, feedback of W1 comprises signaling the following quantities:
· Beam space rotation indices 
· Selection of  beams: ,,…
· Relative power allocations 

The W2 matrix should perform co-phasing between different beams on the same polarization, i.e. linearly combining columns of W1 by weighting each column with a co-phasing factor ). An 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 :th column of W1 and the :th layer. 

Evaluation results
We have evaluated the performance of MU-MIMO where the proposed advanced implicit CSI feedback has been used in the 3GPP 3D UMi scenario with an 8x4 antenna array with 2x1 virtualization, so a 32 port system with . The advanced CSI systems perform MU-MIMO transmission and utilizes SLNR precoding. Relative gains are calculated against an SU-MIMO baseline using the Rel. 13 codebook. Other simulation parameters may be found in the appendix.
First, we investigate the importance of beam space rotation, i.e. how many values of  are needed. A multi-beam codebook with  beams are used, the relative power levels of each beam is set on a wideband basis, but are unquantized. The co-phasing factors, i.e. W2 selection, are set per RB and are also unquantized. In Table 3, simulation results comparing multi-beam precoder feedback with   rotation hypotheses per dimension. As seen, there is a significant performance gain of beam space rotation. This is due to that more of the channel energy is captured in the  beams if the beam space basis is aligned to the strongest multi-path components of the channel.

[bookmark: _Ref450052631]Table 3: Multi-beam codebook with different number of rotation hypotheses
	Scheme
	50% RU
	70% RU

	
	CE UTP gain [%]
	Mean UTP gain [%]
	CE UTP gain [%]
	Mean UTP gain [%]

	DFT Codebook SU-MIMO
	0
	0
	0
	0

	DFT Codebook MU-MIMO
	28
	9
	67
	26

	Multi-beam CB 1 rotation hyp. Per dim
	57
	21
	123
	42

	Multi-beam CB 2 rotation hyp. Per dim
	74
	25
	176
	57

	Multi-beam CB 4 rotation hyp. Per dim
	93
	29
	179
	58

	Multi-beam CB 8 rotation hyp. Per dim
	87
	28
	187
	59



Observation:
· Significant performance increase with beam space rotation, 4 rotation hypotheses per dimension is sufficient. This corresponds to  bits additional overhead.

Second, we investigate the need of spending bits on quantizing the relative power levels between the beams, compared to linearly combing the orthogonal beams using phase only. Again, a multi-beam codebook with  beams are used, with 4 rotation hypotheses per dimension. The co-phasing factors are set per RB and are unquantized. The beam powers are uniformly quantized in the dB domain, in the range of  dB, but where the minimum value is forced to be identically zero. In Table 4, evaluation results comparing  bits allocated for indicating the relative power level of each beam is shown. As seen, there is a significant gain of linearly combining the orthogonal beams using not only phase, but also controlling the amplitude.  However, there seems to be enough with only 2 bits per beam. In Table 5,  we present additional simulation results for the   case. Using a phase-only codebook in this case results in large losses, since the TX power will be divided equally between the 10 beams and the channel energy in the majority of the beams will be very weak in most cases, unless the angular spread of the channel is very large.  In this case, using 2-3 bits for power allocation seems enough for maximum performance.

[bookmark: _Ref450053093]Table 4: Multi-beam codebook with 3 beams and different beam power level quantization
	Scheme
	50% RU
	70% RU

	
	CE UTP gain [%]
	Mean UTP gain [%]
	CE UTP gain [%]
	Mean UTP gain [%]

	DFT Codebook SU-MIMO
	0
	0
	0
	0

	DFT Codebook MU-MIMO
	28
	9
	67
	26

	Multi-beam CB Phase only
	32
	10
	78
	26

	Multi-beam CB 1 bit beam power quantization
	73
	25
	159
	51

	Multi-beam CB 2 bit beam power quantization
	89
	27
	182
	57

	Multi-beam CB 3 bit beam power quantization
	83
	28
	182
	58

	Multi-beam CB 4 bit beam power quantization
	83
	28
	179
	56

	Multi-beam CB 10 bit beam power quantization
	93
	29
	186
	58



[bookmark: _Ref458440322]Table 5: Multi-beam codebook with 10 beams and different beam power level quantization
	Scheme
	50% RU
	70% RU

	
	CE UTP gain [%]
	Mean UTP gain [%]
	CE UTP gain [%]
	Mean UTP gain [%]

	DFT Codebook SU-MIMO
	0
	0
	0
	0

	DFT Codebook MU-MIMO
	28
	9
	67
	26

	Multi-beam CB Phase only
	-32
	-16
	-47
	-31

	Multi-beam CB 1 bit beam power quantization
	79
	29
	158
	58

	Multi-beam CB 2 bit beam power quantization
	93
	33
	207
	68

	Multi-beam CB 3 bit beam power quantization
	108
	36
	200
	68

	Multi-beam CB 4 bit beam power quantization
	97
	34
	201
	67

	Multi-beam CB 6 bit beam power quantization
	97
	35
	206
	71

	Multi-beam CB 10 bit beam power quantization
	105
	35
	182
	67



Observation:
· Relative power level between beams must be included in the codebook; a phase-only multi-beam codebook gives no gains compared to Rel. 13 DFT codebook.
· Quantizing the relative beam power levels with 2-3 bits is enough.

Based on these observations, we make the following proposal:
Proposal:
· Specify a new codebook for advanced CSI, where 
· W1 selection consist of
· Unconstrained beam selection of orthogonal beams
· Beam power selection with at least 2 bits per beam
· Beam space rotation selection with at least 4 rotation hypotheses per dimension
· W2 selection consist of
· Co-phasing of columns in W1, where co-phasing factors are selected from a PSK constellation

Conclusions
In this contribution, we have proposed a W1 design for advanced implicit CSI feedback as well as presenting evaluation result motivating the proposal. We have made the following observations and proposals:
Observations:
· Significant performance increase with beam space rotation, 4 rotation hypotheses per dimension is sufficient. This corresponds to  bits additional overhead.
· Relative power level between beams must be included in the codebook; a phase-only multi-beam codebook gives no gains compared to Rel. 13 DFT codebook.
· Quantizing the relative beam power levels with 2-3 bits is enough.
Proposal:
· Specify a new codebook for advanced CSI, where 
· W1 selection consist of
· Unconstrained beam selection of orthogonal beams
· Beam power selection with at least 2 bits per beam
· Beam space rotation selection with at least 4 rotation hypotheses per dimension
· W2 selection consist of
· Co-phasing of columns in W1, where co-phasing factors are selected from a PSK constellation
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Appendix

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.

	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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