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Introduction
In RAN1#86, the following was agreed regarding advanced CSI reporting:
· Specify CSI feedback enhancement with the following advanced CSI feedback framework:
· Reduced space (eigenvectors)/W1 is constructed based on one of the following alternatives (TBD RAN1#86bis):
· Alt1. Orthogonal basis (e.g. orthogonal DFT matrix)
· Alt2. Non-orthogonal basis (e.g. Rel.13 Class A W1 for rank-1 and/or 2)
· Reduced space representation/W2 is to further combine selected beams
· Granularity of weighting(phase and/or amplitude) can be either wideband only or wideband/subband, and is constructed based on one of the following alternatives (TBD RAN1#86bis):
· Alt1. Phase and amplitude
· Alt2. Phase-only weighting
· How the enhanced framework can be applicable for Class A and/or Class B eMIMO-Types is FFS
· FFS: How to handle the relationship between advanced CSI feedback and legacy CSI feedback framework
· Companies are encouraged to provide results comparing the above alternatives, considering a mix of smaller and larger numbers of ports within the following antenna port configurations
· {4,8,12,16,20,24,28,32} ports
· Focus on rank<=2 scenario MU-MIMO for evaluation
· Feedback overhead needs to be taken into account
· For {4,8,12,16, 20,24,28,32}-port scenario, companies are encouraged to compare their proposals to dual-stage codebook enhancement with increased number of beams in W1 
In this paper, we reiterate our view on W1 design based on orthogonal DFT basis for advanced CSI feedback, as was first presented in [1]. We further present evaluation results comparing said W1 design based on orthogonal basis to W1 designs based on non-orthogonal basis which reuses legacy W1 codebooks.
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. 
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. 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 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
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 to a codebook design with non-orthogonal basis, using the legacy Rel. 13 W1. The schemes are compared against a baseline using an extended Rel. 13 codebook.
· For the schemes using non-orthogonal basis, the Rel. 13 W1 codebook with Configs 2,3 and 4 have been evaluated
· For the schemes using orthogonal basis, the proposed W1 design based on rotated DFT basis with either 2 or 4 beams is used
· The proposed W2 codebook with either QPSK or 8-PSK phase constellation is used for both sets of schemes
Feedback overhead for the simulated schemes are presented in Table 1 below and an illustration of the total feedback overhead for the different schemes, assuming 9 subbands, is given in Figure 2.
[bookmark: _Ref462839265]Table 1: Feedback overhead for the simulated schemes
	Scheme
	W1 overhead 
	W2 overhead (rank 1)

	Legacy W1, non-orthogonal basis
	16 TX: 7 bits
32 TX: 8 bits
	QPSK: 14 bits
8-PSK 21 bits

	Proposed Multi beam codebook, orthogonal basis
	16 TX:
2 beams: 12 bits
4 beams: 22 bits
32 TX:
2 beams: 14 bits
4 beams: 26 bits

	2 beams QPSK:  6 bits
4 beams QPSK:  14 bits
2 beams 8-PSK: 9 bits
4 beams 8-PSK: 21 bits




[bookmark: _Ref463014699]Figure 2: Total feedback overhead for the simulated schemes

The simulations are performed in 3GPP 3D UMi with an 8x4 or 4x4 cross-polarized antenna array with 2x1 subarray virtualization using the 3GPP FTP-1 traffic model with 500 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. 
In Figure 3, the simulation results for the 32TX systems are presented. The systems using non-orthogonal basis does not perform that well, Legacy W1 with Config 3 gives losses compared to the Rel. 13 baseline, while Legacy W1 with Configs 2 and 4 give a few percent gain. On the other hand, the systems using the proposed multi-beam codebook based on orthogonal DFT basis gives significant performance gains.
[bookmark: _Toc463014893]For 32TX, advanced CSI systems with W1 based on Rel. 13 W1 codebook similar or worse performance than a Rel. 13 baseline while advanced CSI systems with W1 based on the proposed design using orthogonal DFT basis gives significant performance gains
In Figure 4, the simulation results for the 16TX systems are presented. In this case, the system using Legacy W1 with Config 4 gives a significant performance gain over the Rel. 13 baseline, at least on the cell edge, where it gives similar performance as the proposed multi-beam codebook with 2 beams. However, as the legacy W1 codebook contains 4 non-orthogonal beams, this results in a significantly larger W2 overhead compared to the multi-beam codebook with 2 beams, as may be inferred from Table 1. So while the non-orthogonal basis can give some performance benefit, it is an inefficient design compared to using orthogonal DFT basis: the proposed multi-beam codebook with 4 beams can give significantly better performance.
[bookmark: _Toc463014894]For 16TX, advanced CSI systems with W1 based on Rel. 13 W1 codebook can give some performance benefit, but systems using the proposed W1 based on orthogonal DFT basis can give significantly better performance
Based on these evaluation results it is clear that a new W1 design based on orthogonal DFT basis should be considered for advanced CSI reporting. One can further make qualitative arguments about why a proper W1 design for advanced CSI should be made. As indicated in Table 1, the lion’s share of the feedback overhead for advanced CSI reporting comes from the subband W2 component, and not the wideband W1. So spending a few extra bits to design a good W1 codebook only has a small impact on the total feedback overhead. Furthermore, as seen in the simulation results, reusing the legacy W1 codebook is not scalable. Constructing a basis with adjacent non-orthogonal beams might work okay for a smaller number of TXRU when the beamwidth is wider but for larger number of TXRUs where the beams are more narrow, the adjacent beams may not illuminate the multi-path components in the channel and a less restricted selection of beams is needed. 
Based on this discussion and the previous observations, we make the following proposal:
[bookmark: _Toc462845398][bookmark: _Toc462845726][bookmark: _Toc462845730][bookmark: _Toc463014710][bookmark: _Toc463014897]The advanced CSI W1 codebook is based on a (rotated) orthogonal 2D-DFT basis
As has also been observed, the performance of the proposed multi-beam codebook depends on the number of constituent beams in W1. More beam components result in better performance but also an increase in feedback overhead. How many beams should be included in the codebook can thus depend on the propagation characteristics of the UE’s channel, UE capability, network load and so forth. We therefore make the following proposal:
[bookmark: _Toc462845399][bookmark: _Toc462845727][bookmark: _Toc462845731][bookmark: _Toc463014711][bookmark: _Toc463014898]The number of beams in W1 is configurable and at least 4 beams is supported. The exact range of allowed number of beams is FFS

[bookmark: _Ref462841050]Figure 3: Comparison of orthogonal and non-orthogonal basis for 32TX, 50%RU


[bookmark: _Ref462841666]Figure 4: Comparison of orthogonal and non-orthogonal basis for 16TX, 50%RU

Regarding the number of phase states needed in W2, this seem to depend on how many beams are used in the precoder and we can make the following observations:
[bookmark: _Toc463014895]For the proposed multi-beam codebook with 2 beams, QPSK phase constellation in W2 is sufficient 
[bookmark: _Toc463014896]For the proposed multi-beam codebook with 4 beams, 8-PSK phase constellation in W2 can significantly increase performance over QPSK constellation
[bookmark: _Toc462845397][bookmark: _Toc462845703]Based on these observations, we make the following proposal regarding the granularity of phases in W2:
[bookmark: _Toc462845728][bookmark: _Toc462845732][bookmark: _Toc463014712][bookmark: _Toc463014899]Support at least QPSK phase constellation in W2 for advanced CSI with 2 beams in W1 and support at least 8-PSK phase constellation in W2 for 4 beams. FFS is phase constellation is fixed or configurable
Conclusions
In this contribution, we have discussed W1 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, advanced CSI systems with W1 based on Rel. 13 W1 codebook similar or worse performance than a Rel. 13 baseline while advanced CSI systems with W1 based on the proposed design using orthogonal DFT basis gives significant performance gains
Observation 2	For 16TX, advanced CSI systems with W1 based on Rel. 13 W1 codebook can give some performance benefit, but systems using the proposed W1 based on orthogonal DFT basis can give significantly better performance
Observation 3	For the proposed multi-beam codebook with 2 beams, QPSK phase constellation in W2 is sufficient
Observation 4	For the proposed multi-beam codebook with 4 beams, 8-PSK phase constellation in W2 can significantly increase performance over QPSK constellation

Based on these observations, we have made the following proposals:
Proposal 1	The advanced CSI W1 codebook is based on a (rotated) orthogonal 2D-DFT basis
Proposal 2	The number of beams in W1 is configurable and at least 4 beams is supported. The exact range of allowed number of beams is FFS
Proposal 3	Support at least QPSK phase constellation in W2 for advanced CSI with 2 beams in W1 and support at least 8-PSK phase constellation in W2 for 4 beams. FFS is phase constellation is fixed or configurable
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[bookmark: _Toc462402224]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

	Advanced CSI codebook (when used)
	Number of beams: 2 or 4 
Beam space rotation hypotheses per dimension: 4
Beam power: 4 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, 500 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



Performance of codebook enhancement  32TX

50%RU Cell edge UTP gain [%]	
Rel. 13 CB MU-MIMO	Rel. 13 CB SU-MIMO	Legacy  W1 Config 2 QPSK (4 beams)	Legacy  W1 Config 3 QPSK (4 beams)	Legacy  W1 Config 4 QPSK (4 beams)	Proposed Multi-beam W1 QPSK 2 beams	Proposed Multi-beam W1 QPSK 4 beams	Proposed Multi-beam W1 8-PSK 2 beams	Proposed Multi-beam W1 8-PSK 4 beams	0	-26	4	-14	8	12	21	15	33	50%RU Average UTP gain [%]	
Rel. 13 CB MU-MIMO	Rel. 13 CB SU-MIMO	Legacy  W1 Config 2 QPSK (4 beams)	Legacy  W1 Config 3 QPSK (4 beams)	Legacy  W1 Config 4 QPSK (4 beams)	Proposed Multi-beam W1 QPSK 2 beams	Proposed Multi-beam W1 QPSK 4 beams	Proposed Multi-beam W1 8-PSK 2 beams	Proposed Multi-beam W1 8-PSK 4 beams	0	-9	0	-7	3	10	12	11	18	
Gain [%]




Performance of codebook enhancements 16TX

50%RU Cell edge UTP gain	
Rel. 13 CB MU-MIMO	Rel. 13 CB SU-MIMO	Legacy  W1 Config 2 QPSK (4 beams)	Legacy  W1 Config 3 QPSK (4 beams)	Legacy  W1 Config 4 QPSK (4 beams)	Proposed Multi-beam W1 QPSK 2 beams	Proposed Multi-beam W1 QPSK 4 beams	Proposed Multi-beam W1 8-PSK 2 beams	Proposed Multi-beam W1 8-PSK 4 beams	0	-3	27	5	35	33	25	33	45	50%RU Average UTP gain	
Rel. 13 CB MU-MIMO	Rel. 13 CB SU-MIMO	Legacy  W1 Config 2 QPSK (4 beams)	Legacy  W1 Config 3 QPSK (4 beams)	Legacy  W1 Config 4 QPSK (4 beams)	Proposed Multi-beam W1 QPSK 2 beams	Proposed Multi-beam W1 QPSK 4 beams	Proposed Multi-beam W1 8-PSK 2 beams	Proposed Multi-beam W1 8-PSK 4 beams	0	0	4	-3	7	10	11	13	18	
Gain [%]




W1 overhead 	Legacy non-orthogonal basis, 16TX, QPSK	Proposed orthogonal basis, 16TX, QPSK, 2 beams	Proposed orthogonal basis, 16TX, QPSK, 4beams	Proposed orthogonal basis, 16TX, 8-PSK, 2 beams	Proposed orthogonal basis, 16TX, 8-PSK, 4 beams	8	14	26	14	26	Total W2 overhead (9 subbands)	Legacy non-orthogonal basis, 16TX, QPSK	Proposed orthogonal basis, 16TX, QPSK, 2 beams	Proposed orthogonal basis, 16TX, QPSK, 4beams	Proposed orthogonal basis, 16TX, 8-PSK, 2 beams	Proposed orthogonal basis, 16TX, 8-PSK, 4 beams	126	54	126	81	189	W2 overhead (per subband)	Legacy non-orthogonal basis, 16TX, QPSK	Proposed orthogonal basis, 16TX, QPSK, 2 beams	Proposed orthogonal basis, 16TX, QPSK, 4beams	Proposed orthogonal basis, 16TX, 8-PSK, 2 beams	Proposed orthogonal basis, 16TX, 8-PSK, 4 beams	14	6	14	9	21	Total overhead (9 subbands)	Legacy non-orthogonal basis, 16TX, QPSK	Proposed orthogonal basis, 16TX, QPSK, 2 beams	Proposed orthogonal basis, 16TX, QPSK, 4beams	Proposed orthogonal basis, 16TX, 8-PSK, 2 beams	Proposed orthogonal basis, 16TX, 8-PSK, 4 beams	134	68	152	95	215	Legacy non-orthogonal basis, 16TX, QPSK	Proposed orthogonal basis, 16TX, QPSK, 2 beams	Proposed orthogonal basis, 16TX, QPSK, 4beams	Proposed orthogonal basis, 16TX, 8-PSK, 2 beams	Proposed orthogonal basis, 16TX, 8-PSK, 4 beams	Legacy non-orthogonal basis, 16TX, QPSK	Proposed orthogonal basis, 16TX, QPSK, 2 beams	Proposed orthogonal basis, 16TX, QPSK, 4beams	Proposed orthogonal basis, 16TX, 8-PSK, 2 beams	Proposed orthogonal basis, 16TX, 8-PSK, 4 beams	
Bits
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