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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 evaluate schemes of Type 2 and Type 3 above. That is, we compare unrestricted orthogonal beam selection in W1 to restricted selection of orthogonal beams via selection of beam groups.

W1 Feedback Overhead for Advanced CSI
In our companion contribution [1], we present a design for and advanced CSI W1 codebook structure based on unrestricted selection of orthogonal DFT beams. For convenience, the design is summarized below.
The matrices in the W1 codebook are 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 
The W1 feedback overhead thus consist of two parts, one part for indicating the multiple beams and another part for indicating their relative power. Consider now the relevant case of  and an advanced CSI codebook with  beam components. The W1 overhead for beam indication is then as follows:
· Beam rotation indication ():   bits
· Leading beam indication (:  bits
· Indication of remaining  beams (:  bits
The total feedback overhead for indicating the multiple beams in W1 is thus 4+4+7=15 bits. Note that it is more efficient to explicitly signal the leading beam index and a group index of the remaining  beams rather than just signaling a group of directly. This is because the beam power of the leading beam can be assumed to be one, so that a power value does not need to be signaled (i.e. no ). If one would signal a group of , there is no information of which beam is the leading beam (i.e. the strongest one with relative power equal to one), so a power level for all  beams must be signaled in that case. For the  beam case,  for , where  is the number of bits for signaling one power coefficient,  so the proposed signaling is clearly the most efficient.
In the unrestricted orthogonal beam selection case, all possible choices for the 2 non-leading beams can thus be selected. For restricted orthogonal beam selection of beam groups, on the other hand, only a subset of the  beam groups may be selected.
The motivation for constraining the beam selection is solely to reduce W1 overhead, at the cost of worse performance. However, W1 overhead is only a small fraction of the total overhead for advanced CSI, as the majority of the overhead comes from the per-subband W2 overhead. For  and 8-PSK phase combining, the total W2 payload for advanced CSI is 270 bits with subband reporting. The maximum potential reduction in total overhead from constrained beam selection is thus  and so is very limited. Constraining the design for such a small overhead reduction can only be allowed if there is no impact on performance at all.
[bookmark: _Toc466050002]Maximum potential for overhead savings with constrained beam selection is only around 2.5%. Constraining the advanced CSI codebook design for such a small reduction in overhead can only be allowed if performance is not impacted at all.
Another motivation against constraining the orthogonal beam selection is that it unnecessarily complicates the design so that the specification impact could be large. Most likely the set of optimal beam groups that can be reported depends not only on the number of antenna ports, but also on the port layout. So for each of the ~20 or so supported port layouts, a separate design and optimization must be done for the constricted beam group selection. Such a specification effort should be well motivated by a clear benefit and it is questionable if the small reduction in feedback overhead offered by constrained orthogonal beam selection constitutes enough motivation.
[bookmark: _Toc466050003]Optimal constrained beam groups are likely different for each port layout and so would have to be separately optimized and designed for each of the ~20 or so supported port layouts. This causes quite some specification impact.
Furthermore, one should be cautious when restricting the design in such a way, so that one is not overfitting the design to the particular models used for evaluation. While the 3GPP 3D channel models do reflect the average statistical properties of generic urban macro and microcell deployments with respect to distributions of angles of departure, actual deployments can experience wildly different propagation characteristics due to for instance obstructions by buildings and specular reflections, that can only be captured with site-specific modeling. Placing too much trust in that the angular distribution of the channels is Gaussian or Laplacian when designing the advanced CSI codebook could thus be dangerous.  Thus, one should think twice before pruning orthogonal beam groups from the W1 codebook solely based on simulations using a specific channel model.
[bookmark: _Toc466050004]The angle generation in the 3GPP 3D channel models follow statistical distributions while real-life deployments may experience specific angular distributions due to unique propagation environments. One should be cautious not to overfit a codebook design to a particular statistical channel model
Comparison between Unconstrained and Constrained Orthogonal Beam Selection
In this section we evaluate the performance of constrained orthogonal beam selection compared to an unconstrained selection of beams in W1, for an advanced CSI codebook with  beams using a 32TX system with . Three alternatives for constrained beam selection are considered, with 1, 8 or 32 possible beam groups to select from. The constrained schemes are evaluated and compared to unconstrained selection of the full 105 beam groups. The different beam grouping schemes are summarized in Table 1 below, and are illustrated in Figures 1-4, where the leading beam is indicated with a black dot and the red squares indicates the remaining beams in the beam group, expressed as offsets relative the leading beam. 
[bookmark: _Ref465939871]Table 1: Description of different beam group selection schemes
	Beam grouping scheme
	Overhead for beam selection
	Possible beam groups to select

	Alt 1, Fixed beam group
	0 bits
	See Figure 2

	Alt 2, 8 beam groups
	3 bits
	See Figure 3

	Alt 3, 32 beam groups
	5 bits
	See Figure 4

	Alt 4, Unconstrained beam selection (all 105 beam groups)
	7 bits
	See Figure 1








[bookmark: _Ref465939477]Figure 1: An example of unconstrained orthogonal beam selection, any of the  orthogonal beams can be selected as the  beams in the precoder. Leading beam marked with a dot.


[bookmark: _Ref465939443][bookmark: _Ref465939433]Figure 2: Illustration of a fixed beam group (alt.1).
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[bookmark: _Ref465939456]Figure 3: Illustration of Alt 2, 8 beam groups.




[bookmark: _Ref465939464]Figure 4: Illustration of Alt 3, 32 beam groups. Any 2 beams that are immediate neighbors to the leading beam may be chosen, which results in  beam groups, as well as the four beam groups illustrated on the right.
The simulations are performed in 3GPP 3D-UMi with an 8x4 cross-polarized antenna array with 2x1, subarray virtualization for 32 antenna ports using the 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. MU-MIMO is used, with additional SLNR processing of the reported CSI to suppress MU interference. Remaining simulation assumptions are presented in the Appendix.  The baseline system uses the Rel-13 codebook, extended to 32 ports.
The evaluation results are shown in Figure 5 below. As seen, the codebook performance relies heavily on the number of possible beam groups. When a fixed beam group is used, only 7% mean UTP gain over the baseline is seen, while with unconstrained orthogonal beam selection the mean UTP gain is 21%.  Increasing the set of possible beam groups to 8 and 32 results in 12% and 17% mean UTP gain over Rel-13, respectively.  Thus, in the best performing constrained beam selection alternative, with 32 beam groups, there is still a 4 % mean UTP loss compared to unconstrained beam selection. This should be compared to the overhead savings of only 2 bits (and so a reduction in total overhead of less than 1%). It is thus obvious that constraining the beam selection gives a rather large performance loss in comparison to the very small reduction in overhead. 

[image: ]
[bookmark: _Ref465940289]Figure 5: Performance of orthogonal beam group selection compared to unconstrained orthogonal beam selection for 32TX

[bookmark: _Toc466050005]Constraining the beam selection gives significant performance losses compared to unconstrained beam selection, while offering a very small reduction in feedback overhead
[bookmark: _GoBack]Based on both the quantitative performance evaluations, as well as the qualitative discussions in this contribution, we correspondingly make the following proposal:
[bookmark: _Toc465941392][bookmark: _Toc466048939][bookmark: _Toc466050006]Constrained orthogonal beam selection is not supported for advanced CSI
Conclusions
In this contribution, we have discussed and evaluated constrained orthogonal beam selection for advanced CSI W1 codebook. The following observations have been made:
Observation 1	Maximum potential for overhead savings with constrained beam selection is only around 2.5%. Constraining the advanced CSI codebook design for such a small reduction in overhead can only be allowed if performance is not impacted at all.
Observation 2	Optimal constrained beam groups are likely different for each port layout and so would have to be separately optimized and designed for each of the ~20 or so supported port layouts. This causes quite some specification impact.
Observation 3	The angle generation in the 3GPP 3D channel models follow statistical distributions while real-life deployments may experience specific angular distributions due to unique propagation environments. One should be cautious not to overfit a codebook design to a particular statistical channel model
Observation 4	Constraining the beam selection gives significant performance losses compared to unconstrained beam selection, while offering a very small reduction in feedback overhead

Based on these observations, we have made the following proposals:
Proposal 1	Constrained orthogonal beam selection is not supported for advanced CSI
[bookmark: _In-sequence_SDU_delivery]
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[bookmark: _Toc462402223]Appendix
[bookmark: _Toc462402224]Simulation parameters
	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)

	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: 3
Beam space rotation hypotheses per dimension: 4
Beam power: 8 states 
Co-phasing: 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
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