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Introduction
In the email discussion following RAN1#86bis, the following was agreed regarding quantized advanced CSI reporting:
  For advanced CSI feedback, at least one of the following types of beam group is supported 
  Type 1: Class A based W1 (non-orthogonal) 
  Type 2: Unrestricted orthogonal W1 
  Type 3: Orthogonal beams with restricted beam pattern 
  For advanced CSI feedback, RAN1 will specify only rank-1 and rank-2 codebooks 
  FFS, rank 3-4 
  Note: For rank 5-8, Rel.13 codebooks, as well as the extension and/or enhancement to more than 16 ports, can be reused 
In this paper we reiterate our view on advanced CSI codebook design based on unrestricted orthogonal DFT basis, i.e. Type 2 in the above agreement, as was first presented in [1]. We further present evaluation results comparing said codebook designs based on orthogonal basis to designs based on non-orthogonal basis which reuses legacy W1 codebooks.

In our companion contribution [2], we further motivate the rank-2 codebook design presented in this contribution and in our other companion contribution, [3], we compare the granularity of beam amplitude weighting, while in [4], unrestricted orthogonal beam selection is compared to orthogonal beam group selection.
Advanced CSI Codebook Design 
As agreed to in RAN1#86, a new advanced CSI codebook should keep the familiar dual-stage codebook structure, where the precoding matrices  are decomposed into a wideband matrix factor and subband  matrix factor as

W1 design
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. 
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. The relative power allocations are thus the same for both polarizations of a beam. 
Thus, feedback of W1 comprises signaling the following quantities:
· Beam space rotation indices 
· Selection of  beams: ,,…
· Relative power allocations 
W2 design
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 for rank-1 may then be expressed as

and correspondingly for rank-2

where is a vector of phase combining coefficients for all beams for polarization  and layer .  The phase combining coefficients can take values from an N-PSK constellation, i.e.

but where  since only the relative phases between the beams for each layer matters. For rank-2, the phases for each layer is independently encoded, so the rank-2 W2 overhead is twice that of rank-1 W1. A motivation for the W2 design is given in our companion contribution [2]. As per email agreement following RAN1#86bis, only rank-1 and rank-2 codebook design is considered. 
The total precoder for rank 1 can then be expressed as


That is, the proposed advanced CSI codebook design consists of a linear combination of  beams with a wideband beam power weighting and a per polarization and subband beam phase weighting. 
Evaluation results
In this section we present evaluation results for 32 and 16 TX comparing the proposed advanced codebook design based on orthogonal DFT basis for W1 and independent encoding of the phases for each layer in the rank-2 W2 codebook. Also evaluated is an advanced CSI scheme with non-orthogonal W1 based on legacy Rel-13 Config 4 and where the rank-2 W2 matrix jointly encodes the layers using
. The schemes are compared against a baseline using an extended Rel. 13 codebook.
· For the non-orthogonal scheme, 4 beams are used in W1, which are combined using equal gain combining and QPSK phase combining
· For the proposed orthogonal scheme,  or 4 beams are used in W1, which are combined using 3-bit amplitude combining and QPSK or 8-PSK phase combining 
The simulations are performed in 3GPP 3D UMi with an 8x4 cross-polarized antenna array with 2x1 or 4x1 subarray virtualization for 32 or 16 antenna ports using the 3GPP FTP-1 traffic model with 100 kB packet size. The UEs are equipped with 2 RX antennas and dynamic rank adaptation as well as dynamic SU/MU-switching is used. For the MU-MIMO cases, additional SLNR processing of the reported precoders are used to suppress MU interference. Remaining simulation assumptions are presented in the Appendix. 
The results for 32TX are presented in Figure 2. As seen, the performance increases with the number of beams in W1 for the proposed orthogonal advanced CSI scheme. With 4 beams and 8-PSK phase constellation, a cell edge gain of 50% is seen at 70%RU. For all number of beams, 8-PSK constellation gives a significant performance increase over Q-PSK constellation, especially in the case, albeit at the cost of increased feedback payload. The non-orthogonal advanced CSI scheme with legacy W1 does not perform well however, with only 1% mean UTP gain over the Rel-13 baseline.
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[bookmark: _Ref465779291][bookmark: _Ref465779283]Figure 2: 32TX advanced CSI codebook performance
[bookmark: _Toc466043577]For 32TX, performance of proposed advanced CSI codebook does not saturate when increasing the number of beams
[bookmark: _Toc466043578]8-PSK phase combining gives significant performance gain over QPSK phase combining
[bookmark: _Toc466043579][bookmark: _GoBack]For 32TX, the non-orthogonal advanced CSI scheme gives almost no performance gain over Rel-13 baseline
Given the 32TX codebook performance, considering the associated feedback overhead, we make the following proposal:
[bookmark: _Toc465788734][bookmark: _Toc465789067][bookmark: _Toc466038521][bookmark: _Toc466039315]Support at least 3 orthogonal beams in W1 with 8-PSK phase combining in W2 
The results for 16TX are presented in Figure 3 below. As seen, the gains with advanced CSI over the Rel-13 baseline is larger than for 32TX and quite a decent gain is seen already with 2 beams and QPSK. Of course, a substantial increase in performance is still seen when increasing the number of beams or the PSK alphabet size, but there may be some potential for optimizing the overhead for certain port layouts or scenarios. The non-orthogonal W1 scheme (with 4 beams in W1) performs decent for 16TX, and is on par with the orthogonal W1 scheme with 2 beams. However, the overhead for the non-orthogonal scheme is slightly larger. 
[image: ]
[bookmark: _Ref465781372]Figure 3: 16TX advanced CSI codebook performance
[bookmark: _Toc466043580]In general, having up to 4 beams and 8-PSK is beneficial.  Overhead can be optimized without overly degrading performance by configuring 2 or 3 beams with QPSK or 8 PSK, depending on the port layouts and scenario.
[bookmark: _Toc466039313][bookmark: _Toc466043581]For 16TX, non-orthogonal basis with 4 beams and joint encoding of phases across layers in W2 performs similar as orthogonal basis with 2 beams and independent encoding of phases for each layer in W2
The optimal number of beams in the codebook, and correspondingly the optimal codebook size, can thus depend on a variety of factors such as the antenna port layout as well as the scenario and propagation environment. The optimal codebook size is also likely UE-specific. It thus makes sense to specify a flexible advanced CSI codebook. We therefore make the following proposal:
[bookmark: _Toc465788735][bookmark: _Toc465789068][bookmark: _Toc466038522][bookmark: _Toc466039316]The number of beams in W1, , as well as the granularity of the phase combining PSK alphabet in W2, is RRC configurable
Conclusions
In this contribution, we have presented a codebook design for advanced CSI feedback and compared schemes based on non-orthogonal and orthogonal basis. The following observations have been made:
 Observation 1	For 32TX, performance of proposed advanced CSI codebook does not saturate when increasing the number of beams
Observation 2	8-PSK phase combining gives significant performance gain over QPSK phase combining
Observation 3	For 32TX, the non-orthogonal advanced CSI scheme gives almost no performance gain over Rel-13 baseline
Observation 4	In general, having up to 4 beams and 8-PSK is beneficial.  Overhead can be optimized without overly degrading performance by configuring 2 or 3 beams with QPSK or 8 PSK, depending on the port layouts and scenario.
Observation 5	For 16TX, non-orthogonal basis with 4 beams and joint encoding of phases across layers in W2 performs similar as orthogonal basis with 2 beams and independent encoding of phases for each layer in W2

Based on these observations, we have made the following proposals:
Proposal 1	Support at least 3 orthogonal beams in W1 with 8-PSK phase combining in W2
Proposal 2	The number of beams in W1, , as well as the granularity of the phase combining PSK alphabet in W2, is RRC configurable
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	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	32 TX: 8x4 with 2x1 virt., UMi (130° tilt)
16 TX: 8x4 with 4x1 virt., UMi (108° 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

	Advanced CSI codebook (when used)
	Number of beams: 2,3, or 4 
Beam space rotation hypotheses per dimension: 4
Beam power: 8 states 
Co-phasing: QPSK,8-PSK 

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 100 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency
Max 8 MU layers

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead 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



Feedback overhead

Table 1: Feedback overhead for 32 TX with the simulated schemes
	Scheme
	W1 overhead 
	W2 overhead (rank 2)

	Legacy W1, non-orthogonal basis
	8 bits
	QPSK: 14 bits


	Proposed Multi beam codebook, orthogonal basis
	2 beams: 15 bits
3 beams: 21 bits
4 beams: 26 bits

	2 beams QPSK:  12 bits
2 beams 8-PSK: 18 bits
3 beams QPSK: 20 bits
3 beams 8-PSK: 30 bits
4 beams QPSK:  28 bits
4 beams 8-PSK: 42 bits
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