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1. Introduction
In RAN1#86, the following agreement about advanced CSI was made [1].
Agreement:
· [bookmark: _GoBack]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 W2 codebook (highlighted) in the agreement. The discussion about the two alternatives for W1 codebook and rank 2 linear combination codebook are provided in companion contributions [2, 3] The analysis of per SB CSI reporting overhead for different LC codebook alternatives are also provided. Finally, based on the simulation results and overhead analysis, a proposal is made for the linear combination W2 codebook.
2. Linear Combination W2 Codebook


[bookmark: _Ref462521176]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 proposed LC codebook for L = 4 is shown in Figure 1. The LC pre-coder for layer r = 0, 1, …, R-1 of the rank-R LC codebook is given by
, 
where

In this contribution, we focus on the design of LC W2 codebook. In particular, we propose the following three components in the W2 codebook 
· Beam selection: per SB, L out of the 4 beams indicated by (i1,1,i1,2) are selected for LC, where L = 2,4;  
· Co-phase vector:  corresponds to the co-phase vector for layer r = 0,1,..,R-1 of the rank-R W2 codebook; and
· Coefficient vector:  corresponds to the coefficient vector for layer r = 0,1,..,R-1 of the rank-R W2 codebook.
Note that the coefficient for the 1st beam can be assumed to be 1, i.e., , for all layers r. 

Rank 1 LC W2 codebook
For rank 1, each co-phase , where  and each coefficient  where  belongs to QPSK alphabet {1, j, -1, -j}. The i2 reporting overhead for two L values is shown in Table 1. In this table, the overhead of SB beam selection of L = 2 out of 4 beams (6 such selection possibilities) is taken into consideration.
[bookmark: _Ref462743616]Table 1: i2 reporting overhead for rank 1 LC codebook
	
	Co-phase
(2nd antenna polarization)
	Coefficient
	
(includes 3 bits for SB beam selection)
	L = 4

	i2 reporting overhead
(beam selection, co-phase, coefficient)
	
for all 
	 
for all 
	9
	14



Rank 2 LC W2 codebook
For rank 2, the LC codebook alternatives as shown in Table 2 are proposed in the companion contribution [3], where Coph0 – Coph2 and Coef0 – Coef2 respectively are three alternatives for each of rank 2 co-phase and coefficient vectors, the summary of which are provided in Table 3 and Table 4. The rank-2 i2 reporting overhead for two L values is shown in Table 2. The overhead of SB beam selection of L = 2 out of 4 beams (6 such selection possibilities) is also taken into consideration. The codebook alternatives CB0 – CB7 assume the above-mentioned structure of the LC pre-coders (i.e. separate L co-phase values and L - 1 coefficients). The alternative CB8 assumes that co-phase is not separated from coefficients. In other words, L co-phase values are lumped together with L - 1 coefficients, and the total 2L – 1 coefficients are reported. Note that the rank 2 i2 reporting overhead for CB8 is approximately 2 times of rank 1 i2. On the other hand, the rank i2 overhead of CB0 – CB7 is at the most equal to rank 1 i2.
[bookmark: _Ref462557956]Table 2: Rank 2 LC codebook alternatives and i2 reporting overhead 
	Rank 2 LC codebook
	Alternative
	Co-phase
	Coefficient
	#bits for co-phase
	#bits for coefficient
	#bits in total
	
(includes 3 bits for SB beam selection)
	

	CB0
	Figure 1 (separate co-phase)
	Coph0
	Coef1
	
	
	
	8
	11

	CB1
	
	
	Coef2
	
	
	
	9
	14

	CB2
	
	Coph1
	Coef0
	
	
	
	7
	10

	CB3
	
	
	Coef1
	
	
	
	6
	7

	CB4
	
	
	Coef2
	
	
	
	7
	10

	CB5
	
	Coph2
	Coef0
	
	
	
	9
	14

	CB6
	
	
	Coef1
	
	
	
	8
	11

	CB7
	
	
	Coef2
	
	
	
	9
	14

	CB8
	No separate co-phase
	-
	-
	-
	
	
	15
	28


[bookmark: _Ref461916155]Table 3: Alternatives for Rank 2 co-phase vectors
	Alternative
	Rank-2 co-phase for two layers  
(2nd antenna polarization)
	Number of co-phase pair combinations for L beams 
	#bits

	Coph0
	
	
	

	Coph1
	
	
	

	Coph2
	
	
	


[bookmark: _Ref462067553]Table 4: Alternatives for Rank 2 coefficient vectors
	Alternative
	Rank-2 coefficient for two layers  
	Number of coefficient pair combinations for L beams 
	#bits

	Coef0
	
	
	

	Coef1
	
	
	

	Coef2
	
	
	



Rank > 2 LC W2 codebook
For rank > 2, the LC codebook can be the same as Class A codebook. This is because of following reasons:
· The main advantage of LC codebook is enhanced MU-MIMO performance through better channel quantization, which can be realized with max per-UE rank = 2.
· Rank > 2 codebook requires orthogonal beams, which makes rank > 2 LC codebook design complicated.

Proposal 1: For rank-1 and 2 advanced CSI reporting, support linear combination codebook W = W1W2, where
· W1 is Class A W1 codebook based as proposed in [2]; 
· W2 codebook has three components: 
· Beam selection: L = 2 or 4 beams are selected for LC per SB;
· Coefficients to linearly combine L beams; and 
· Co-phase for L beams.
· The rank-1 LC W2 codebook is as shown in Table 1; and
· The rank-2 LC W2 codebook is one of CB0 – CB7 in Table 2.

Proposal 2: For rank >2, advanced CSI reporting is based on Rel. 13 or its extension in Rel. 14 Class A codebook.

The W2 component of the proposed LC codebook can be applied to enhance Class B CSI reporting. For instance, for K = 1 and P ports, the UE can report a PMI, which indicates a linear combination of L = P/2 ports. Similarly, the idea is applicable to enhance hybrid CSI feedback scheme in which two types of CSI-RS resources, for example non-precoded and beamformed CSI-RS, are associated with two eMIMO-Types. The PMIs reported in one or both of the two CSIs can be the linear combination codebook based PMI. 

Proposal 3: The W2 component of the proposed LC codebook is used to enhance Class B and hybrid CSI reporting. 
3. Simulation Results
To evaluate the performance of the proposed rank 1 and rank 2 LC W2 codebook (Table 1 and Table 2), 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 codebooks CB0 – CB8 and UE-specific configuration of Codebook-Config = 2, 3, and 4
· Upper bound: unquantized LC coefficients (L = 4) based on LS solution (please see [2] for details).
As proposed in the companion contribution [2], the Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2, 3, and 4 is assumed as the W1 basis for LC codebook in this evaluation. To study the impact of WB beam power (W2 codebook Alt 1 in the agreement mentioned in Section 1), results are provided for both of the following two cases:
· Equal beam power: L beams are assumed to have the same magnitude or beam power; and  
· Unequal beam power: Each of L beams can have magnitude or power level from a 2-bit uniform codebook in (0,1]. Note that the first beam can be assumed to have power one. So, 2(L-1) WB bits are needed to report beam powers of L beams.
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 6 in the Appendix. 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 5. The rest of the simulation assumption is according to [4]. The performance gains of the above-mentioned codebooks are summarized in Figure 2 – Figure 5. The rank 2 i2 reporting overhead for these codebooks are shown in Figure 6. Based on these results, we can make the following observations:
Observation: 
· The performance gain with 2-bit WB beam power is marginal.
· Compare Figure 2 and Figure 3 for L = 2, and Figure 4 and Figure 5 for L = 4.
· While the performance of L = 2 (SB beam selection) is good, L = 4 offers significantly large 5% UPT gain (~10% additional gain) at the cost of more overhead.
· The rank 2 CB0 and CB1 (same co-phase for two layers) show good performance in 5% UPT, but poor performance in avg. UPT.
· The rank 2 CB5, CB6, and CB7 (four pairs of different co-phase for two layers) show good performance in both 5% and avg. UPT.
· Expectedly, CB8 shows the best performance but at the cost of approximately 2 times rank 2 i2 reporting overhead when compared with CB0 – CB7 which is not desirable considering periodic reporting of CSI on PUCCH.


Based on these observations and the tradeoffs between performance gain and rank i2 reporting overhead, we make the following proposal.



	

Proposal 4: For LC codebook:    
· WB beam power is not supported; and
· The rank 2 W2 LC codebook is according to one of CB5, CB6, and CB7 in Table 2.







	


[bookmark: _Ref462763530]Figure 2: L = 2, equal beam power

[bookmark: _Ref462764091]Figure 3: L = 2, WB beam power



[bookmark: _Ref462764093]Figure 4: L = 4, equal beam power

[bookmark: _Ref462763531]Figure 5: L = 4, WB beam power





[bookmark: _Ref462764428]Figure 6: Rank 2 i2 reporting overhead comparison
4. Conclusion
This document proposes an enhanced CSI reporting based on linear combination codebook. The proposals and observations made can be summarized as follows.
Proposal 1: For rank-1 and 2 advanced CSI reporting, support linear combination codebook W = W1W2, where
· W1 is Class A W1 codebook based as proposed in [2]; 
· W2 codebook has three components: 
· Beam selection: L = 2 or 4 beams are selected for LC per SB;
· Coefficients to linearly combine L beams; and
· Co-phase for L beams.
· The rank-1 LC W2 codebook is as shown in Table 1; and
· The rank-2 LC W2 codebook is one of CB0 – CB7 in Table 2.
Proposal 2: For rank >2, advanced CSI reporting is based on Rel. 13 or its extension in Rel. 14 Class A codebook.
Proposal 3: The W2 component of the proposed LC codebook is used to enhance Class B and hybrid CSI reporting. 
Observation: 
· The performance gain with 2-bit WB beam power is marginal.
· Compare Figure 2 and Figure 3 for L = 2, and Figure 4 and Figure 5 for L = 4.
· While the performance of L = 2 (SB beam selection) is good, L = 4 offers significantly large 5% UPT gain (~10% additional gain) at the cost of more overhead.
· The rank 2 CB0 and CB1 (same co-phase for two layers) show good performance in 5% UPT, but poor performance in avg. UPT.
· The rank 2 CB5, CB6, and CB7 (four pairs of different co-phase for two layers) show good performance in both 5% and avg. UPT.
· Expectedly, CB8 shows the best performance but at the cost of approximately 2 times rank 2 i2 reporting overhead when compared with CB0 – CB7 which is not desirable considering periodic reporting of CSI on PUCCH.
Proposal 4: For LC codebook:    
· WB beam power is not supported; and
· The rank 2 W2 LC codebook is according to one of CB5, CB6, and CB7 in Table 2.
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Appendix: Simulation Assumptions and Results
[bookmark: _Ref450753651]Table 5: Simulation Parameters
	Parameters
	Values

	Simulation Type
	Non-full-buffer (Medium load 70% 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: Rel. 13 Class rank 1 W1, W2 as proposed
Upper bound: Unquantized W2 for L = 4
Spacing between two adjacent W1 beam group (s1,s2) = (1,1)


[bookmark: _Ref458694248]Table 6: Non-full buffer simulation results for 32 ports: UMi-2GHz
	L
	Beam power
	W2 Codebook
	RU
	Avg. UPT
	50% UPT
	5% UPT
	Avg. UPT gain
	50% UPT gain
	5% UPT gain

	
	
	Class A
	55.5%
	21.49
	17.89
	7.30
	100.0%
	100.0%
	100.0%

	2
	Equal beam power
	CB0
	52.4%
	23.20
	20.72
	8.61
	108.0%
	115.8%
	118.0%

	
	
	CB1
	52.4%
	23.38
	20.78
	8.68
	108.8%
	116.1%
	118.9%

	
	
	CB2
	53.0%
	22.89
	20.20
	8.42
	106.5%
	112.9%
	115.4%

	
	
	CB3
	53.1%
	22.76
	20.01
	8.33
	105.9%
	111.8%
	114.1%

	
	
	CB4
	52.8%
	23.14
	20.41
	8.48
	107.7%
	114.0%
	116.2%

	
	
	CB5
	52.3%
	23.29
	20.73
	8.51
	108.4%
	115.8%
	116.6%

	
	
	CB6
	52.4%
	23.30
	20.94
	8.52
	108.5%
	117.0%
	116.8%

	
	
	CB7
	52.3%
	23.47
	20.76
	8.68
	109.2%
	116.0%
	119.0%

	
	
	CB8
	51.3%
	24.16
	21.57
	8.95
	112.4%
	120.5%
	122.7%

	2
	WB beam power
	CB0
	52.6%
	22.90
	20.31
	8.65
	106.6%
	113.5%
	118.6%

	
	
	CB1
	52.3%
	23.26
	20.62
	8.52
	108.3%
	115.2%
	116.8%

	
	
	CB2
	53.0%
	22.88
	20.41
	8.34
	106.5%
	114.0%
	114.4%

	
	
	CB3
	52.9%
	22.95
	20.20
	8.40
	106.8%
	112.9%
	115.1%

	
	
	CB4
	52.7%
	23.13
	20.51
	8.47
	107.7%
	114.6%
	116.1%

	
	
	CB5
	52.2%
	23.39
	20.83
	8.67
	108.9%
	116.4%
	118.9%

	
	
	CB6
	52.3%
	23.42
	20.83
	8.59
	109.0%
	116.4%
	117.8%

	
	
	CB7
	51.9%
	23.67
	21.16
	8.64
	110.2%
	118.3%
	118.4%

	
	
	CB8
	51.4%
	24.07
	21.62
	8.92
	112.0%
	120.8%
	122.3%

	4
	Equal beam power
	CB0
	52.0%
	22.44
	21.07
	9.65
	104.4%
	117.8%
	132.3%

	
	
	CB1
	52.2%
	23.10
	20.91
	9.23
	107.5%
	116.9%
	126.6%

	
	
	CB2
	52.5%
	22.99
	20.78
	8.96
	107.0%
	116.1%
	122.8%

	
	
	CB3
	52.4%
	22.52
	20.83
	9.06
	104.8%
	116.4%
	124.1%

	
	
	CB4
	52.3%
	23.02
	20.94
	8.89
	107.1%
	117.0%
	121.8%

	
	
	CB5
	51.8%
	23.62
	21.40
	8.93
	109.9%
	119.6%
	122.5%

	
	
	CB6
	52.2%
	22.89
	20.83
	9.03
	106.5%
	116.4%
	123.8%

	
	
	CB7
	51.8%
	23.51
	21.28
	9.06
	109.4%
	118.9%
	124.2%

	
	
	CB8
	50.2%
	25.20
	22.87
	9.31
	117.3%
	127.8%
	127.6%

	4
	WB beam power
	CB0
	51.7%
	22.92
	21.22
	9.48
	106.7%
	118.6%
	129.9%

	
	
	CB1
	51.9%
	23.40
	21.19
	9.10
	108.9%
	118.4%
	124.7%

	
	
	CB2
	52.0%
	23.25
	21.04
	9.01
	108.2%
	117.6%
	123.5%

	
	
	CB3
	52.3%
	22.58
	20.62
	9.09
	105.1%
	115.2%
	124.6%

	
	
	CB4
	52.0%
	23.22
	21.02
	9.01
	108.1%
	117.5%
	123.5%

	
	
	CB5
	51.8%
	23.66
	21.39
	8.98
	110.1%
	119.5%
	123.2%

	
	
	CB6
	51.9%
	23.10
	21.05
	9.21
	107.5%
	117.7%
	126.2%

	
	
	CB7
	51.5%
	23.70
	21.39
	9.19
	110.3%
	119.5%
	126.0%

	
	
	CB8
	49.8%
	25.36
	23.24
	9.41
	118.0%
	129.9%
	129.0%

	4
	-
	Unquantized
	46.5%
	28.61
	26.27
	10.33
	133.2%
	146.8%
	141.5%



Class A	Avg. UPT	5% UPT	1	1	CB0	Avg. UPT	5% UPT	1.0795904119152897	1.179575051405072	CB1	Avg. UPT	5% UPT	1.0881545264137771	1.1893077450308431	CB2	Avg. UPT	5% UPT	1.065347917151501	1.1540781357093901	CB3	Avg. UPT	5% UPT	1.0591110076797765	1.1413296778615492	CB4	Avg. UPT	5% UPT	1.0768908540842448	1.1624400274160385	CB5	Avg. UPT	5% UPT	1.0840121014661392	1.1662782727895817	CB6	Avg. UPT	5% UPT	1.0846171747730975	1.1684715558601781	CB7	Avg. UPT	5% UPT	1.0924831277635561	1.1899931459904043	CB8	Avg. UPT	5% UPT	1.1242727484291366	1.2267306374228923	Unq. W2	Avg. UPT	5% UPT	1.3315801722131722	1.4153529814941741	



Class A	Avg. UPT	5% UPT	1	1	CB0	Avg. UPT	5% UPT	1.0659529904584595	1.1860178204249485	CB1	Avg. UPT	5% UPT	1.0825692343495463	1.167786154900617	CB2	Avg. UPT	5% UPT	1.0650221084477542	1.1436600411240576	CB3	Avg. UPT	5% UPT	1.0681871072841518	1.1511994516792323	CB4	Avg. UPT	5% UPT	1.0767046776821039	1.1607950651130912	CB5	Avg. UPT	5% UPT	1.0888061438212706	1.1886223440712815	CB6	Avg. UPT	5% UPT	1.089969746334652	1.1775188485263879	CB7	Avg. UPT	5% UPT	1.1017919478706075	1.1843728581220014	CB8	Avg. UPT	5% UPT	1.1200837793809635	1.2230294722412611	Unq. W2	Avg. UPT	5% UPT	1.3315801722131722	1.4153529814941741	



Class A	Avg. UPT	5% UPT	1	1	CB0	Avg. UPT	5% UPT	1.0444961601117058	1.3233721727210419	CB1	Avg. UPT	5% UPT	1.0750756341633698	1.2657984921178891	CB2	Avg. UPT	5% UPT	1.0702350477077032	1.2282385195339274	CB3	Avg. UPT	5% UPT	1.0482196881545265	1.2412611377655929	CB4	Avg. UPT	5% UPT	1.071305562020014	1.2179575051405072	CB5	Avg. UPT	5% UPT	1.0991389341400977	1.2246744345442082	CB6	Avg. UPT	5% UPT	1.0654875494531069	1.2376970527758739	CB7	Avg. UPT	5% UPT	1.094298347684431	1.2423577793008911	CB8	Avg. UPT	5% UPT	1.1727717011868746	1.2759424263193968	Unq. W2	Avg. UPT	5% UPT	1.331580172	1.4153529810000001	



Class A	Avg. UPT	5% UPT	1	1	CB0	Avg. UPT	5% UPT	1.0666976960670236	1.2991089787525703	CB1	Avg. UPT	5% UPT	1.0892250407260879	1.2472926662097328	CB2	Avg. UPT	5% UPT	1.082150337444729	1.2349554489376287	CB3	Avg. UPT	5% UPT	1.0508261577845008	1.2460589444825223	CB4	Avg. UPT	5% UPT	1.0807540144286711	1.2346812885538039	CB5	Avg. UPT	5% UPT	1.1014195950663255	1.2315284441398218	CB6	Avg. UPT	5% UPT	1.0750756341633698	1.2623714873200822	CB7	Avg. UPT	5% UPT	1.1029555503839887	1.2596298834818369	CB8	Avg. UPT	5% UPT	1.180451477775192	1.290198766278273	Unq. W2	Avg. UPT	5% UPT	1.3315801722131722	1.4153529814941741	



L=2	Class A	CB0	CB1	CB2	CB3	CB4	CB5	CB6	CB7	CB8	4	8	9	7	6	7	9	8	9	15	L=4	Class A	CB0	CB1	CB2	CB3	CB4	CB5	CB6	CB7	CB8	4	11	14	10	7	10	14	11	14	28	
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