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1. Introduction
According to the email discussion [1] after RAN1#86b, the following agreement has been made.
· 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 the companion contribution [2], a linear combination (LC) codebook framework is proposed which supports both orthogonal and non-orthogonal W1 beam groups. In this contribution, a proposal about the rank 2 LC codebook is provided and the simulation results in support of the proposal are also presented. The rank 1 LC codebook proposal is provided in another companion contribution [3]. 
2. Rank 2 Linear Combination Codebook
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[bookmark: _Ref465996366]Figure 1: Rank 2 W1 beam group

As proposed in the companion contribution [2], a UE is configured with a rank 2 W1 beam group for LC codebook using RRC parameter Codebook-Config, where
· Codebook-Config = 1 corresponds to Rel. 13 Class A rank 7 orthogonal beam group; and
· Codebook-Config = 2, 3, 4 correspond to Rel. 13 Class A rank 1 non-orthogonal beam group.
An illustration of the two types of W1 beam groups is shown in Figure 1. The W1 and W2 codebook details for the two types of beam groups are as follows:
· Codebook-Config = 1
· W1 codebook comprises of the following components:
· Fixed orthogonal basis as in Rel. 13 Class A rank 7 W1 codebook for Codebook-Config = 2 (2D port layouts) and 4 (1D port layouts); and 
· L = {2, 4} beams which are selected WB from the selected orthogonal basis; 
· Strongest beam index: the index of the strongest beam in the reported orthogonal basis is indicated, which requires  bits indication;
· if L = 2, then index of remaining 1 beam, which requires  bits; and
· Beam power levels for L – 1 beams: assuming 2 bits per beam, it requires 2(L – 1) bits. Note that the strongest beam power is 1.
· W2 codebook comprises of LC coefficient vectors  where   are for two layers, are L co-phase values for layer r,  are L coefficients for layer r, and both  belong to QPSK alphabet for each r and l. The detailed proposal about W2 codebook is provided later in the contribution.    
· Codebook-Config = 2, 3, 4
· W1 codebook comprises of non-orthogonal basis as in Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2, 3, 4; and 
· W2 codebook comprises of the following components:
· L = {2, 4} beams which are selected SB (if L = 2);
· LC coefficient vectors  are as explained for Codebook-Config = 1.
The W1 beam group can then be expressed as , where
·   whose columns correspond to L W1 beams; and
·  if Codebook-Config = 1, then  corresponds to the squared-root of beam power; otherwise  is an identity matrix.
The spacing between leading beams of two adjacent beam groups, denoted as (s1, s2), determines the number of bits needed to indicate a beam group using the first PMI pair (i1,1, i1,2): 
·  and  indicate a W1 beam group.
Since the oversampling factor (O1, O2) can take a value from {(4, 4), (8, 4), (8, 8), (4, -), (8, -)} depending on the antenna port layouts for 8, 12, 16, 20, 24, 28, or 32 ports in total, for simplicity, we propose to set (s1, s2) = (O1/4, O2/4) for 2D port layouts and (O1/4, -) for 1D port layouts, regardless of the number of antenna ports belonging to {8, 12, 16, 20, 24, 28, 32} and Codebook-Config parameter value {1, 2, 3, 4}. This is proposed even for {20, 24, 28, 32} ports where we have only one (O1, O2) value for each antenna port layout. Note that this choice of (s1, s2) parameter ensures that the effective oversampling across the leading beams of the beam groups is 4. Also, the overhead associated with the beam group selection does not change across antenna port layouts.  
For Codebook-Config 1 – 4, all WB W1 codebook components are reported jointly as the first PMI pair (i1,1, i1,2) and all SB W2 codebook components are reported jointly as the second PMI i2. 
W2 codebook design
If  and  belong to QPSK alphabet {1, -1, j, -j}, then the number of bits to report rank-2 LC coefficients (i.e. 2nd PMI reporting overhead associated with W2 codebook) is This implies that the 2nd PMI reporting overhead is doubled when compared with that for rank-1. This increase in PMI reporting overhead is an issue if 2nd PMI has to be reported periodically using PUCCH because the limited number of CSI bits that can be reported using PUCCH. For example, if  then the number of bits to report rank 1 and rank 2 2nd PMIs are respectively 14 and 28 bits. While 14 bits rank 1 2nd PMI can be reported, for example, using PUCCH Format 3, 28 bits rank 2 2nd PMI can’t. It is therefore desired to design higher rank LC codebooks (e.g. rank 2) with PMI reporting overhead comparable to that for rank 1 and keeping periodic CSI reporting on PUCCH in mind. To reduce 2nd PMI reporting overhead for rank 2 LC codebook, we can exploit the structure in the coefficient vector (because of decoupling of co-phase and coefficients):
.
Two alternatives (CB0 and CB1) for rank 2 LC W2 codebook are proposed in Table 1. For comparison, the alternative (CB2) in which co-phase and coefficients of two layers are treated independently is also shown in the table. Note that the number of bits for rank 1 LC codebook assuming QPSK alphabet for co-phase and coefficients are 6+3 and 14 for L = 2 and 4, respectively. We can observe that the proposed CB0 and CB1 maintained the W2 reporting payload to be the same as rank 1. The payload doubles for CB2. 
[bookmark: _Ref462557956]Table 1: Rank 2 LC codebook alternatives and W2 reporting payload
	
	Co-phase 
(2nd antenna polarization)
	Coefficient 
	Co-phase
(bits)
	Coef.
(bits)
	Total
(bits)
	L = 2
(bits)
	L = 4
(bits)

	CB0
	
	
	2L
	2(L-1)
	4L-2
	6+3
	14

	CB1
	
	
	
	
	
	
	

	CB2
	
	
	-
	-
	8L-4
	12+3
	28


The W1 and W2 reporting payloads for the proposed rank 2 LC codebook (CB0 and CB1) is shown in Table 2, where we assume that . In this table, the overhead of L = 2 out of 4 beams (6 such selection possibilities) is taken into consideration. 
[bookmark: _Ref462743616]Table 2: W1 and W2 reporting payload
	Config 1
	Config 2, 3, 4

	L
	W1 (bits)
	W2 (bits)
	L
	W1 (bits)
	W2 (bits)

	2
	12
	6
	2
	8
	9

	4
	8
	10
	4
	8
	14


Proposal 1: For rank-2 advanced CSI reporting, support linear combination codebook W = W1W2, where for
· Codebook-Config = 1
· W1 codebook is the same as Rel. 13 Class A rank 7 W1 codebook for Codebook-Config = 2 (for 2D port layouts) and 4 (for 1D port layouts); also includes the following 
· strongest beam index
· if L = 2, then index of remaining 1 beam, and 
· beam power for L-1 beams; and 
· W2 codebook is according to one of CB0 and CB 1 in Table 1; and 
· Codebook-Config = 2,3,4
· W1 codebook is the same as Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2,3,4; 
· W2 codebook has two components: 2 out of 4 beam selection if L = 2, and W2 codebook is according to one of CB0 and CB 1 in Table 1.
· The beam group spacing parameter is (s1, s2) = (O1/4, O2/4) for 2D port layouts and (O1/4, -) for 1D port layouts, regardless of the configured values of (N1,N2,O1,O2) and Codebook-Config.
· All WB CSI components are reported jointly as the first PMI pair (i1,1, i1,2) and all SB component are reported jointly as the second PMI i2.
Proposal 2: The rank 2 LC codebook is designed with the design goal of keeping W2 reporting payload comparable to rank 1 so that periodic CSI reporting on PUCCH can be supported. 
The W2 component of the proposed rank 2 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 rank 2 LC codebook is used to enhance Class B and hybrid CSI reporting. 
3. Simulation Results
To evaluate the performance of the proposed rank 2 LC W2 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 codebooks CB0 – CB2 and UE-specific configuration of Codebook-Config = 2, 3, and 4.
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 5 in the Appendix. The results are provided for 32 antenna ports with (N1,N2) = (4,4). The relevant simulation parameters are enlisted in Table 4. The rest of the simulation assumption is according to [4]. The performance gains of the above-mentioned codebooks are summarized in Figure 2. Based on these results, we can make the following observations:
Observation 1: 
· The proposed rank 2 LC codebook achieves good performance gain over Rel. 13 Class A codebook: ~8-10% gain in avg. UPT and ~17-24% gain in 5% UPT.
· Expectedly, CB2 shows the best performance but at the cost of approximately 2 times rank 2 W2 reporting overhead when compared with CB0 and CB1 which is not desirable considering periodic reporting of CSI on PUCCH.







	


[bookmark: _Ref462763530]Figure 2: Performance gain: UE-specific configuration of Codebook-Config 2, 3, and 4







	

4. Performance vs. Overhead Analysis
In RAN1#86b, the concern about advanced CSI reporting overhead was raised due to significant increase in the size of the W2 codebook in some advanced CSI codebook proposals. For instance, in codebook proposals with unrestricted or free selection of W1 beams from full DFT basis, the rank 2 W2 overhead is at least two times of rank 1 W2 overhead. The companies proposing such codebooks showed significant performance gain (primarily in cell-edge) in support of their proposals. However, there are two assumptions in the simulation results, which should be addressed if the CSI reporting overhead is large because they are related to the DL performance gain:
· PUSCH overhead: In general, UL link quality varies from one UE to another UE, and it depends on facts such as whether a UE is a cell-edge UE or a cell-centered UE, a LOS UE or an NLOS UE, etc. This variation of UL link quality across UEs implies that MCS for CSI reporting also varies across UEs, and so does the number of modulation symbols or UL PRBs for CSI reporting on PUSCH. Therefore, some UEs may consume a large portion of PUSCH resource for CSI reporting (because of large codebook size), which will start compromising UL system performance.      
· Ideal CSI reporting: The assumption that CSI is reported successfully in every CSI reporting instance may be too optimistic when CSI reporting overhead is sufficiently large. It is expected that the performance of advanced CSI schemes with higher CSI overhead is more sensitive to CSI feedback non-idealities.
We address these two issues in this section. For our purpose, we consider three advanced CSI codebooks as summarized in Table 3. Their details can be found in companion contribution [2]. 
For Config = 1, the W1 codebook corresponds to unrestricted or free selection of beams from full DFT basis. The values of L are chosen as 2 (in conjunction with QPSK coefficients) and 3 (in conjunction with 8PSK coefficients) to represent the lower and higher ends in terms of CSI overhead associated with Config = 1. 
For Config = 2, the W1 codebook corresponds to Class A rank 1 W1 codebook (i.e. non-orthogonal basis). The value of L is chosen as 2 (in conjunction with QPSK coefficients) to represent the lower end in terms of CSI overhead associated with Config = 2. 
[bookmark: _Ref466751376]Table 3: Advanced CSI codebooks and their W1 and W2 overhead: (N1, N2) = (4,4), (O1,O2) = (4,4)
	Codebook
	Config
	L (number of beams)
	K
(2^K PSK)
	W1 Overhead
	Rank 1 W2 overhead
	Rank 2 W2 overhead

	1a
	1
	2
	2
	14 bits
	6 bits
	12 bits

	1b
	1
	3
	3
	19 bits
	15 bits
	30 bits

	2
	2
	2
	2
	8 bits
	9 bits
	9 bits



PUSCH overhead analysis
For PUSCH overhead analysis, we focus of cell-edge UEs, which are defined as UEs whose long-term channel or geometry SNR is below the 5% of the geometry distribution of all UEs. The rank 1 and rank 2 CSI distribution for cell-edge UEs is shown in Figure 3 for the three advanced CSI codebooks (Table 3). It can be observed that 20% – 29% of the CSI reporting instances, the cell-edge UEs report rank 2 CSI.      
Observation 2: ~20% – 29% of CSI reporting instances, the cell-edge UEs report rank 2 CSI. Therefore, CSI overhead associated with rank 2 is relevant even for cell edge UEs. 

[bookmark: _Ref466753020]Figure 3: Rank distribution of cell-edge UEs: UMi-2GHz
We will see next that if the rank 2 codebook size is large, then cell-edge UEs may consume significant portion of PUSCH resource for CSI reporting. Assuming 1% target BLER performance and QPSK modulation for CSI reporting, the coding rate for each cell-edge UE is determined. The PUSCH overhead in terms of number of UL PRBs is then calculated based on the rank 1 and rank 2 CSI payloads (which depends on the codebook). The CDF of the average PUSCH overhead for different advanced CSI codebooks are shown Figure 4. We can make the following observation.    
Observation 3: 
· With 50% probability, on average, the three codebooks require at least the following number of UL PRBs to report CSI from cell-edge UEs.
· Codebook (Config 1, L = 2, K = 2): at least 4 UL PRBs;
· Codebook (Config 1, L = 3, K = 3): at least 10 UL PRBs; and
· Codebook (Config 2, L = 2): at least 4 UL PRBs.
· With 5% probability, on average, the three codebooks require at least the following number of UL PRBs to report CSI from cell-edge UEs.
· Codebook (Config 1, L = 2, K = 2): at least 8 UL PRBs;
· Codebook (Config 1, L = 3, K = 3): at least 19 UL PRBs; and 
· Codebook (Config 2, L = 2): at least 7 UL PRBs.

[image: ]
[bookmark: _Ref466755218]Figure 4: CDF of PUSCH overhead (number of UL PRBs) for cell-edge UEs

Simulation results with non-ideal CSI reporting
The non-ideality of CSI reporting is modeled as the probability of successful CSI reporting determined based on MCS, CSI payload, and geometry SNR. The simulation result with non-ideal CSI reporting is shown Figure 5. For reference, Rel. 13 Class A codebook is considered. The W1 and W2 payload bits for different codebooks is shown in Figure 6. Based on the simulation result and W1 and W2 payload, we can observe the following.
Observation 4: Codebook (Config 1, L = 3, K = 3) has the largest W1 and W2 payload, but shows
· 5% UPT gain of ~9%, which is less than 5% UPT gains showed by other lower payload codebooks.
· Avg. UPT gain of ~13%, which is 3-7% more than avg. UPT gain showed by other lower payload codebooks.   






	


[bookmark: _Ref466757106]Figure 5: Performance with non-ideal CSI reporting

[bookmark: _Ref466759422]Figure 6: W1 and W2 payload bits


5. Conclusion
This contribution proposes a rank 2 linear combination codebook. The proposals and observations made can be summarized as follows.
Proposal 1: For rank-2 advanced CSI reporting, support linear combination codebook W = W1W2, where for
· Codebook-Config = 1
· W1 codebook is the same as Rel. 13 Class A rank 7 W1 codebook for Codebook-Config = 2 (for 2D port layouts) and 4 (for 1D port layouts); also includes the following 
· strongest beam index
· if L = 2, then index of remaining 1 beam, and 
· beam power for L-1 beams; and 
· W2 codebook is according to one of CB0 and CB 1 in Table 1; and 
· Codebook-Config = 2,3,4
· W1 codebook is the same as Rel. 13 Class A rank 1 W1 codebook for Codebook-Config = 2,3,4; 
· W2 codebook has two components: 2 out of 4 beam selection if L = 2, and W2 codebook is according to one of CB0 and CB 1 in Table 1.
· The beam group spacing parameter is (s1, s2) = (O1/4, O2/4) for 2D port layouts and (O1/4, -) for 1D port layouts, regardless of the configured values of (N1,N2,O1,O2) and Codebook-Config.
· All WB CSI components are reported jointly as the first PMI pair (i1,1, i1,2) and all SB component are reported jointly as the second PMI i2.
Proposal 2: The rank 2 LC codebook is designed with the design goal of keeping W2 reporting payload comparable to rank 1 so that periodic CSI reporting on PUCCH can be supported. 
Proposal 3: The W2 component of the proposed rank 2 LC codebook is used to enhance Class B and hybrid CSI reporting. 
Observation 1: The proposed rank 2 LC codebook achieves good performance gain over Rel. 13 Class A codebook: ~8-10% gain in avg. UPT and ~17-24% gain in 5% UPT.
The observations based on PUSCH overhead analysis and simulation results with non-ideal CSI reporting for three codebooks, Codebook (Config 1, L = 2, K = 2), Codebook (Config 1, L = 3, K = 3), and Codebook (Config 2, L = 2), are summarized as follows, where Config 1 (unrestricted or free orthogonal W1 beam selection) and Config 2 (Class A rank 1 W1) are as proposed in companion contribution [2].
Observation 2: ~25% – 30% of CSI reporting instances, the cell-edge UEs report rank 2 CSI. Therefore, CSI overhead associated with rank 2 is relevant even for cell edge UEs.   
Observation 3: 
· With 50% probability, on average, the three codebooks require at least the following number of UL PRBs to report CSI from cell-edge UEs.
· Codebook (Config 1, L = 2, K = 2): at least 4 UL PRBs;
· Codebook (Config 1, L = 3, K = 3): at least 10 UL PRBs; and
· Codebook (Config 2, L = 2): at least 4 UL PRBs.
· With 5% probability, on average, the three codebooks require at least the following number of UL PRBs to report CSI from cell-edge UEs.
· Codebook (Config 1, L = 2, K = 2): at least 8 UL PRBs;
· Codebook (Config 1, L = 3, K = 3): at least 19 UL PRBs; and 
· Codebook (Config 2, L = 2): at least 7 UL PRBs.
Observation 4: Codebook (Config 1, L = 3, K = 3) has the largest W1 and W2 payload, shows gain in avg. UPT, but shows loss in 5% UPT when compared with lower payload codebooks: ~5% loss in 5% UPT.    
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Appendix: Simulation Assumptions and Results
[bookmark: _Ref450753651]Table 4: 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
	Non-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


[bookmark: _Ref458694248]Table 5: Non-full buffer simulation results for 32 ports: UMi-2GHz
	L
	Rank 2 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
	CB0, Table 1
	52.3%
	23.29
	20.73
	8.51
	108.4%
	115.8%
	116.6%

	
	CB1, Table 1
	52.3%
	23.47
	20.76
	8.68
	109.2%
	116.0%
	119.0%

	
	CB2, Table 1
	51.3%
	24.16
	21.57
	8.95
	112.4%
	120.5%
	122.7%

	4
	CB0, Table 1
	51.8%
	23.62
	21.40
	8.93
	109.9%
	119.6%
	122.5%

	
	CB1, Table 1
	51.8%
	23.51
	21.28
	9.06
	109.4%
	118.9%
	124.2%

	
	CB2, Table 1
	50.2%
	25.20
	22.87
	9.31
	117.3%
	127.8%
	127.6%



Class A	L = 2, Avg. UPT	L = 2, 5% UPT	L = 4, Avg. UPT	L = 4, 5% UPT	1	1	1	1	CB0	L = 2, Avg. UPT	L = 2, 5% UPT	L = 4, Avg. UPT	L = 4, 5% UPT	1.0840121014661392	1.1662782727895817	1.099138934	1.2246744350000001	CB1	L = 2, Avg. UPT	L = 2, 5% UPT	L = 4, Avg. UPT	L = 4, 5% UPT	1.0924831277635561	1.1899931459904043	1.0942983479999999	1.242357779	CB2	L = 2, Avg. UPT	L = 2, 5% UPT	L = 4, Avg. UPT	L = 4, 5% UPT	1.1242727484291366	1.2267306374228923	1.1727717010000001	1.2759424260000001	



Config 1, L = 2, K = 2	Rank 1	Rank 2	0.72099999999999997	0.27900000000000003	Config 1, L = 3, K = 3	Rank 1	Rank 2	0.71650000000000003	0.28349999999999997	Config 2, L = 2	Rank 1	Rank 2	0.79479999999999995	0.20519999999999999	



Class A	Avg. UPT	5% UPT	1	1	Config 1, L = 2, K = 2	Avg. UPT	5% UPT	1.1000000000000001	1.1499999999999999	Config 1, L = 3, K = 3	Avg. UPT	5% UPT	1.133	1.0920000000000001	Config 2, L = 2	Avg. UPT	5% UPT	1.0629999999999999	1.1339999999999999	



Class A	W1	Rank 1 W2	Rank 2 W2	8	4	4	Config 1, L = 2, K = 2	W1	Rank 1 W2	Rank 2 W2	14	6	12	Config 1, L = 3, K = 3	W1	Rank 1 W2	Rank 2 W2	19	15	30	Config 2, L = 2	W1	Rank 1 W2	Rank 2 W2	8	9	9	
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