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1. Introduction
In RAN1#86, the following agreement about advanced CSI was made [1].
Agreement:
· 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 
This contribution discusses the two alternatives for W1 codebook (highlighted) in the agreement. The discussion about the two alternatives for W2 codebook and rank 2 linear combination codebook are provided in companion contributions [2, 3]. A few candidate W1 codebooks belonging to the two alternatives are considered. Simulation results are provided to compare the candidate W1 codebooks assuming unquantized W2 or linear combination (LC) coefficients. Based on the simulation results, a proposal about LC W1 codebook is made.
2. Linear Combination W1 Codebook


[bookmark: _Ref446407979][bookmark: _Ref446935097]Figure 1: Linear combination pre-coder
In advanced CSI reporting based on a linear combination codebook, a UE is configured with a double-codebook: W = W1W2, where   
· W1 is for WB and long-term first PMI i1 or PMI pair (i1,1,i1,2) feedback, which indicates a 2N1N2 × 2L basis matrix  whose columns correspond to L DFT beams for the two polarizations, and
· W2 is for SB and short-term second PMI i2 feedback, which indicates a coefficient vector  for linear combination of columns of B.
An illustration of the LC pre-coder for L = 4 is shown in Figure 1. In this contribution, we focus on the design of LC W1 codebook. In particular, we consider the following three types of W1 codebook. 
· Rel. 13 Class A rank 1 W1 codebook: The first type of W1 codebook has non-orthogonal basis with L = 4 beams. Examples of three such basis are shown in Figure 2 which correspond to Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2, 3, and 4. 
· Rel. 13 Class A rank 7 W1 codebook: The second type of W1 codebook has orthogonal basis with L = 4 beams. Examples of three such basis are shown in Figure 3 which correspond to Rel. 13 Class A rank 7 W1 codebook for Codebook-Config = 2, 3, and 4.
· Unrestricted orthogonal W1 codebook: The third type of W1 codebook selects L = 4 orthogonal beams out of N1N2 orthogonal beams in the full orthogonal DFT basis, which is shown in Figure 4. 
We assume that the first dimension is the longer dimension, i.e., N1 ≥ N2 in Figure 2 and Figure 3. The number of bits to report i1 or (i1,1,i1,2) for the three types of W1 codebook is shown in Table 1. Note that the unrestricted orthogonal W1 codebook requires 12 additional bits to report i1 or (i1,1,i1,2) when compared with the Rel. 13 Class A rank 1 and rank 7 W1 codebooks, and because of this significantly large number of i1 or (i1,1,i1,2) bits, PUCCH based periodic CSI reporting may not be supported for unrestricted orthogonal W1 codebook.


[bookmark: _Ref454447770]Figure 2: Non-orthogonal basis


[bookmark: _Ref460057155]Figure 3: Orthogonal basis


[bookmark: _Ref462434020]Figure 4: Full orthogonal DFT basis
[bookmark: _Ref462437451]Table 1: Number of i1 or (i1,1, i1,2) bits
	
	Rel. 13 Class A rank 1
	Rel. 13 Class A rank 7
	Unrestricted orthogonal basis

	
	 bits
	 bits
	 bits

	


	8 bits
	8 bits
	20 bits



In order to compare the three types of W1 codebook, we consider unquantized LC coefficient vector so that the impact of W2 codebook on W1 codebook design is minimized. The unquantized c can be obtained as the least-square solution to minimize the squared error. In particular, for a given WB basis matrix B and the dominant eigenvector  for a SB, the unquantized coefficient vector is given by  The resultant solution is obtained by pre-multiplying the dominant eigenvector  with the pseudo-inverse of the basis matrix B, i.e., . Note that for rank 2, the unquantized coefficient vectors are obtained for the two dominant eigenvectors assuming the same basis matrix 
3. Simulation Results
To evaluate the performance of the three types of LC W1 codebook, system-level simulation results are provided for the following codebooks:
· Reference: Rel. 13 Class A codebook (and its extension to more than 16 ports) with UE-specific configuration of Codebook-Config = 2, 3, and 4 
· LC codebook with Rel. 13 Class A rank 1 W1 codebook as basis and UE-specific configuration of Codebook-Config = 2, 3, and 4
· LC codebook with Rel. 13 Class A rank 7 W1 codebook as basis and UE-specific configuration of Codebook-Config = 2, 3, and 4
· LC codebook with unrestricted orthogonal W1 codebook
· Ideal: dominant eigenvectors are known to the eNB.
The non-full-buffer system-level evaluation is carried out for UMi-2GHz channel model in medium (50% target RU) traffic loading scenario. The detailed results can be found in Table 3 and Table 4 in the Appendix for rank 1 and rank 2, respectively. The results are provided for 32 antenna ports with (N1,N2) = (4,4). Here, we assume that the first dimension is horizontal and the second dimension is vertical. The downtilt angles in the elevation domain are chosen according to [4]. In these simulations, full-port non-precoded CSI-RS is used for CSI estimation, and the corresponding CSI-RS overhead is taken into account in the final throughput calculation. Cell association antenna pattern is approximated by one-TXRU pattern, and proportional fair scheduling (max 4 layers per time-frequency resource) have been used. For MU-MIMO, SLNR precoding is considered. The relevant simulation parameters are enlisted in Table 2. The rest of the simulation assumption is according to [4]. The performance gains for the above-mentioned codebooks are summarized in Figure 5 and Figure 6. 



[bookmark: _Ref462439294]Figure 5: Performance gain for rank 1



	







	


[bookmark: _Ref462439295]Figure 6: Performance gain for rank 2
Based on these simulation results, we make the following observation.
Observation: 
· There is no significant performance difference between Rel. 13 Class A W1 basis and unrestricted orthogonal  W1 basis.
· For rank 1, ~1% performance gap in avg. UPT, and ~2~5% performance gap in 5% UPT.  
· For rank 2, ~4-6% performance gap in avg. UPT, and ~5-8% performance gap in 5% UPT.    
· Unrestricted orthogonal W1 basis incurs significantly large i1 or (i1,1,i1,2) reporting overhead which makes PUCCH based periodic CSI reporting infeasible.
Based on the above-mentioned observations about the performance gains and CSI reporting overhead, we make the following proposal.
Proposal:  
· Periodic reporting of LC codebook based CSI on PUCCH is supported. 
· Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2, 3, and 4 is used as the W1 basis of the rank 1 LC codebook.
· For rank 2 LC codebook, the W1 basis is according to one of the following alternatives: 
· Non-orthogonal W1 basis: Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2, 3, and 4
· Orthogonal W1 basis: Rel. 13 Class A rank 7 W1 codebook for Codebook-Config = 2, 3, and 4
The rank 2 W1 basis is decided based on the LC W2 codebook and the tradeoff between performance and overhead. 
4. Conclusion
This document discusses two alternatives for the linear combination W1 codebook: non-orthogonal basis and orthogonal basis, and provides simulation results comparing a few candidate W1 codebooks belonging to the two alternatives. Based on the simulation results, the following observations and proposals are made.
Observation: 
· There is no significant performance difference between Rel. 13 Class A W1 basis and unrestricted orthogonal W1 basis.
· Unrestricted orthogonal W1 basis incurs significantly large i1 or (i1,1,i1,2) reporting overhead which makes PUCCH based periodic CSI reporting infeasible.
Proposal:  
· Periodic reporting of LC codebook based CSI on PUCCH is supported. 
· Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2, 3, and 4 is used as the W1 basis of the rank 1 LC codebook.
· For rank 2 LC codebook, the W1 basis is according to one of the following alternatives: 
· Non-orthogonal W1 basis: Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2, 3, and 4
· Orthogonal W1 basis: Rel. 13 Class A rank 7 W1 codebook for Codebook-Config = 2, 3, and 4
The rank 2 W1 basis is decided based on the LC W2 codebook and the tradeoff between performance and overhead. 
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Appendix: Simulation Assumptions and Results
[bookmark: _Ref450753651]Table 2: Simulation Parameters
	Parameters
	Values

	Simulation Type
	Non-full-buffer (Medium load 50% Target RU, Lambda = 4)

	Channel model
	UMi-2GHz

	Number of BS (H,V) antenna elements
	(8,8), x-polarized, subarray partition

	(N1,N2, P)
	32 ports: (4,4,2)

	BS (H,V) antenna spacing
	(0.5, 0.8)λ

	BS and MS antenna polarizations
	BS: (+45°,-45°); MS: (0°, 90°)

	Number of UE antennas
	2

	SU/MU pre-coding
	SLNR

	Scheduling
	MU, Proportional fair, up to 4 layers

	Channel estimation
	Ideal

	Transmission rank
	1,2

	Receiver
	MMSE-IRC

	Codebook
	Reference: Class A, (O1,O2) = (4,4), UE-specific 
Codebook-Config = 2,3,4
LC codebook: W1 as proposed, W2 unquantized
Ideal: eigenvectors are known to the eNB
Spacing between two adjacent W1 beam group (s1,s2) = (1,1)


[bookmark: _Ref450753763]Table 3: Non-full buffer simulation results: Rank 1
	Codebook
	Avg. UPT
	50% UPT
	5% UPT
	RU
	Avg. UPT gain
	50% UPT gain
	5% UPT gain

	Class A, Config 2,3,4
	19.97
	21.05
	8.71
	54.3%
	100.0%
	100.0%
	100.0%

	LC, Class A rank 1 W1, Config 2,3,4
	22.73
	24.69
	12.01
	49.6%
	113.8%
	117.3%
	137.8%

	LC, Class A rank 7 W1 Config 2,3,4
	22.72
	24.56
	12.31
	49.5%
	113.8%
	116.7%
	141.3%

	LC, Unrestricted orthogonal W1
	22.93
	24.85
	12.51
	49.2%
	114.8%
	118.0%
	143.6%

	Ideal
	23.61
	26.14
	13.56
	48.2%
	118.2%
	124.2%
	155.6%


[bookmark: _Ref462439149]Table 4: Non-full buffer simulation results: Rank 2
	Codebook
	Avg. UPT
	50% UPT
	5% UPT
	RU
	Avg. UPT gain
	50% UPT gain
	5% UPT gain

	Class A, Config 2,3,4
	21.49
	17.89
	7.30
	55.5%
	100.0%
	100.0%
	100.0%

	LC, Class A rank 1 W1, Config 2,3,4
	28.81
	26.52
	10.51
	46.2%
	133.2%
	146.8%
	141.5%

	LC, Class A rank 7 W1 Config 2,3,4
	32.66
	32.18
	12.10
	42.6%
	134.1%
	148.2%
	144.1%

	LC, Unrestricted orthogonal W1
	21.49
	17.89
	7.30
	55.5%
	138.1%
	153.1%
	149.4%

	Ideal
	28.61
	26.27
	10.33
	46.5%
	152.0%
	179.8%
	165.9%



Class A, UE-specific Config 2,3,4	
Avg UPT	5% UPT	1	1	LC: Class A rank 1 W1, UE-specific Config 2,3,4	
Avg UPT	5% UPT	1.1382504631715988	1.3782139577594124	LC: Class A rank 7 W1, UE-specific Config 2,3,4	
Avg UPT	5% UPT	1.1376996645135447	1.4126492194674014	LC: unrestricted orth W1	
Avg UPT	5% UPT	1.1483651294376847	1.4361799816345271	Ideal	
Avg UPT	5% UPT	1.1820139201842672	1.5563590449954086	



Class A, UE-specific Config 2,3,4	
Avg UPT	5% UPT	1	1	LC: Class A rank 1 W1, UE-specific Config 2,3,4	
Avg UPT	5% UPT	1.3315801722131722	1.4153529814941741	LC: Class A rank 7 W1, UE-specific Config 2,3,4	
Avg UPT	5% UPT	1.3408424482196881	1.4405757368060317	LC: unrestricted orth W1	
Avg UPT	5% UPT	1.3812427274842913	1.4943111720356408	Ideal	
Avg UPT	5% UPT	1.5199441470793578	1.6592186429061	
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