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1. Introduction
In 3GPP RAN1#86 meeting, feedback framework for advanced CSI reporting was agreed:
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
In this contribution, implementation details of the framework are discussed together with evaluation results of each alternative.
2. Discussion
2.1. Framework of advanced CSI reporting
The precoding matrix of advanced CSI reporting can be expressed in a similar form as Rel-13 dual-stage codebook:
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where 
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is a matrix comprised of a number of beamforming vectors, and 
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are the combination coefficients of those beams in
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of layer r. 
According to agreements in RAN1#86 meeting, the matrix 
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can be constructed in two different ways:

· Alt1. Orthogonal basis (e.g. orthogonal DFT matrix) (Reduced space feedback in 2.2)
· Alt2. Non-orthogonal basis (e.g. Rel.13 Class A W1 for rank-1 and/or 2) (LC codebook in 2.3)
In the following sections, these two alternatives will be discussed in details.
2.2. Orthogonal basis (Reduced space feedback)
Construction of orthogonal basis:
For 2D planar antenna array, a natural choice is to construct the orthogonal basis on an oversampled 2D DFT beams. Assume the number of antenna ports in the first and second dimension of each polarization is 
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, respectively. Oversampling factors of each dimension is 
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The orthogonal basis is then constructed by selecting N orthogonal beams for the matrix D, and N is the number of columns of matrix D.

Beam determination: 
The N orthogonal beams form a subspace which concentrates the majority of channel power. How UE selects the DFT beams is up to UE implementation. One possible implementation is to select N strongest beams under the orthogonal constraint. This can be done in two steps: 
· The first step is to find the strongest beam from the whole set of oversampled 2D DFT beams. The strongest beam can be defined in terms received power.

· The second step is to select (N-1) DFT beams orthogonal to the strongest beam from the oversampled 2D DFT beams. The (N-1) DFT beams can be selected according to received power.
Alternatively, the N orthogonal beams can be selected based on other metrics such as channel capacity, mutual information, etc.
 Feedback content
Similar to dual-stage codebook feedback in Rel-13, W1 and W2 can be reported individually with different time/frequency granularity.
· W1:  UE needs to report the indexes of selected beams in the oversampled 2D DFT beams. Two alternatives can be considered.

Alt-1: 
UE can report the index of the strongest DFT beam and indexes of the other (N-1) DFT beams. Since these DFT beams have to be orthogonal, the other (N-1) DFT beams can be indexed within those DFT beams that are orthogonal to the strongest beam. Therefore, the index of (N-1) DFT beams points to a DFT beam in the set of DFT beams orthogonal to the strongest beam. The feedback overhead for reporting W1 is then
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The first term is the overhead for reporting index of the strongest DFT beam, and the second term is the overhead for reporting the other (N-1) beams which are jointly encoded. 

Alt-2: 
The oversampled 2D DFT beams consist of 
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 DFT beams. These DFT beams are grouped into 
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 groups and each group has 
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 beams. DFT beams in each group are orthogonal to each other. UE reports the index of the DFT beam group containing those selected beams as well as the index of selected beams in the DFT group. 
The feedback overhead of W1 is therefore
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The first term is the overhead for reporting index of the DFT beam group, and the second term is the overhead for reporting selected beams in the DFT beam group which are jointly encoded. An example with 
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 is shown in Figure 1. Each beam group (filled with same color) has 16 DFT beams which are orthogonal to each other. There are 16 beam groups in total. The feedback overhead of W1 with 
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beams is then 15 bits.
Simple calculation can show that Alt-1 requires 
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 more bits feedback overhead. The reason is that, by Alt-1, the information about the strongest DFT beam is also delivered to eNB, and by Alt-2, eNB will not be able to be aware which beam is the strongest beam unless additional explicit signaling is sent, and the additional signaling requires exactly 
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Figure 1: DFT beam group on the oversampled 2D DFT beams

· W2: UE needs to report combination coefficients of selected DFT beams. With N selected DFT beams, 2N coefficients need to be reported, N coefficients for each polarization. The coefficients can be factorized as the multiplication of amplitude and phase components:
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where 
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is the amplitude of the ith coefficient, and 
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 is the phase of the ith coefficient. The amplitude and phase of each coefficient could be individually quantized and reported.
Due to the fact that the antennas of the two polarizations are co-located, the coefficients of the two polarizations are likely to be highly correlated. To reduce feedback overhead, the amplitudes for two polarizations are assumed to be the same:
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The amplitude and phase of each coefficient is normalized with respect to the largest amplitude. As only the relative amplitude between different coefficients matters, the normalization step will not impact the reported precoder. Without loss of generality, assume 
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is the largest, then the coefficients can be expressed as:

[image: image29.wmf]1

2

2

1

22

2

diag(1,',...,',1,',...,')

N

j

j

NN

N

j

e

c

e

pppp

c

e

j

j

j

éù

éù

êú

êú

êú

=

êú

êú

êú

êú

ëû

êú

ëû

M

M

                                     (8)
where 
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, and a normalization factor is omitted. It is worthy of noting that information about the strongest beam is needed at eNB to correctly reconstructed the precoder recommended by UE.
Feedback granularity

W1 could be wideband and long term feedback, and W2 shall be subband and short term feedback to reap the benefit of advanced CSI reporting. 
As discussed previously, feedback of W2 consists of amplitude and phase feedback. For subband feedback, amplitude or phase or both can be subband reported. There are four alternatives:

· Alt-1: Wideband amplitude + subband phase

· Alt-2: Subband amplitude + subband phase

· Alt-3: Subband amplitude + wideband phase

· Alt-4: wideband amplitude + wideband phase

 In the following, performance of Alt-1 and Alt-2 would be compared. 

Performance evaluation
1. Impact of the number of beams N
Figure 2 and Figure 3 present relative performance of reduced space feedback with different number of N over N = 1. In the simulation, the combination coefficients are not quantized. The results show that reduced space feedback with N = 3 is able to reap most of the performance gain. With more coefficients reporting, additional gain can be observed.
Observation:

· Reduced space feedback with N = 3 is able to reap most of the performance gain.
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Figure 2: Performance of reduced space feedback with different number of N, 3D-UMa-200 scenario
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Figure 3: Performance of reduced space feedback with different number of N, 3D-UMi scenario
2. Amplitude quantization

Figure 4 - Figure 7 provide results of the amplitude quantization. In the simulation, the number of beams N = 4, and the phase of combination coefficients are not quantized. In Figure 4 - Figure 7, performance loss of wideband and subband amplitude coefficient quantization with 2 bits, 3 bits and 4 bits over ideal subband amplitude feedback are given. The following observations can be made from the evaluation results:
Observation:

· Wideband feedback provides substantial reduction in feedback overhead, with only marginal performance loss compared to subband feedback.
· There is a slight difference (e.g. around 5-10%) between 3-bit wideband feedback and ideal subband feedback.
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Figure 4: Performance of reduced space feedback with different amplitude coefficient quantization, FTP traffic, 3D-UMa-200 scenario
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Figure 5: Performance of reduced space feedback with different amplitude coefficient quantization, full buffer traffic, 3D-UMa-200 scenario
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Figure 6: Performance of reduced space feedback with different amplitude coefficient quantization, FTP traffic, 3D-UMi scenario
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Figure 7: Performance of reduced space feedback with different amplitude coefficient quantization, full buffer traffic, 3D-UMi scenario
3. Impact of the constraint on the amplitude of the two polarizations
The impact of constraint on amplitude feedback in Equation (7) is evaluated, and the results are shown in Table 1– Table 4. In the simulation, the number of beams N= 4, the amplitude coefficients are wideband feedback with 4 bits and the phase coefficients are not quantized with subband feedback. The following observation could be made from the evaluation results:
Observation:

· The amplitude feedback constraint provides substantial reduction in feedback overhead with marginal performance loss.
Table 1: Performance of FD-MIMO, FTP traffic, 
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=4.5, 3D-UMa-200 scenario
	Configuration
	5% UPT  (Mbps)
	5% UPT Gain
	50% UPT (Mbps)
	50% UPT Gain
	Mean UPT (Mbps)
	Mean UPT Gain
	RU

	Full feedback with 2N amplitude coefficients
	16 ports
	9.60
	0.0%
	26.17
	0.0%
	29.75
	0.0%
	42%

	
	32 ports
	11.20
	0.0%
	28.57
	0.0%
	31.96
	0.0%
	38%

	Reduced feedback with N amplitude coefficients
	16 ports
	9.06
	-5.7%
	25.21
	-3.7%
	28.99
	-2.6%
	43%

	
	32 ports
	10.42
	-7.0%
	27.87
	-2.4%
	31.39
	-1.8%
	40%


Table 2: Performance of FD MIMO, full buffer traffic, 3D-UMa-200 scenario
	Configuration
	Cell edge user SE (bps/Hz/user)
	Gain on cell edge user SE
	Cell average SE (bps/Hz)
	Gain on cell average SE

	Full feedback with 2N amplitude coefficients
	16 ports
	0.144
	0.0%
	5.62
	0.0%

	
	32 ports
	0.181
	0.0%
	6.88
	0.0%

	Reduced feedback with N amplitude coefficients
	16 ports
	0.133
	-7.4%
	5.20
	-7.4%

	
	32 ports
	0.171
	-5.7%
	6.47
	-5.9%


Table 3: Performance of FD-MIMO, FTP traffic, 
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=4.5, 3D-UMi scenario
	Configuration
	5% UPT  (Mbps)
	5% UPT Gain
	50% UPT (Mbps)
	50% UPT Gain
	Mean UPT (Mbps)
	Mean UPT Gain
	RU

	Full feedback with 2N amplitude coefficients
	16 ports
	9.05
	0.0%
	27.00
	0.0%
	30.62
	0.0%
	42%

	
	32 ports
	11.06
	0.0%
	29.81
	0.0%
	33.41
	0.0%
	38%

	Reduced feedback with N amplitude coefficients
	16 ports
	8.51
	-6.0%
	25.78
	-4.5%
	29.60
	-3.3%
	44%

	
	32 ports
	10.76
	-2.7%
	29.30
	-1.7%
	32.62
	-2.3%
	39%


Table 4: Performance of FD MIMO, full buffer traffic, 3D-UMi scenario
	Configuration
	Cell edge user SE (bps/Hz/user)
	Gain on cell edge user SE
	Cell average SE (bps/Hz)
	Gain on cell average SE

	Full feedback with 2N amplitude coefficients
	16 ports
	0.138
	0.0%
	5.86
	0.0%

	
	32 ports
	0.174
	0.0%
	7.18
	0.0%

	Reduced feedback with N amplitude coefficients
	16 ports
	0.125
	-9.5%
	5.36
	-8.6%

	
	32 ports
	0.161
	-7.3%
	6.67
	-7.2%


4. Phase quantization

Figure 8 and Figure 9 give the results of reduced feedback with phase quantization. In the simulation, the number of beams N= 4, the amplitude coefficients are quantized with 4 bits and wideband feedback, and the phase coefficients are quantized with 2 bits, 3 bits and 4 bits for subband feedback, respectively. Results of Class A codebook of config2 are also given as comparison baseline. The following observation could be made from the evaluation results.
Observation:
· Reduced space feedback with 4 bits wideband amplitude and 2bits subband phase quantization provides significant gain over Class A codebook.
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Figure 8: Performance of reduced space feedback with different phase quantization bits, 3D-UMa-200 scenario
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Figure 9: Performance of reduced space feedback with different phase quantization bits, 3D-UMi scenario
2.3. Non-orthogonal basis (Linear combination codebook feedback)
Linear combination (LC) codebook is a codebook based on the Rel-13 Class A codebook framework. It also fits in the advanced CSI reporting framework. The LC codebook is a multi-stage codebook: 
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 is for the first PMI, as defined in Rel-13 Class A codebook. 
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 is for the second PMI indicating:

· A beam combination vector 
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· A co-phasing factor
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The rank-1 precoder of LC codebook could be expressed as:
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where 
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 , n = 0, 1, 2, 3 and 
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is normalization factor.

The rank-2 precoder of LC codebook could be expressed as
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where n = 0, 1.
If 
[image: image58.wmf]1
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follows definition of Rel-13 Class A codebook, the beamforming vectors in matrix
[image: image59.wmf]D

are not orthogonal. In addition, the combination coefficients are constant modulus.
LC codebook is evaluated and compared with Class A codebook. Class A codebook config2, config3 and config4 are evaluated. The performance gain of LC codebook over Class A codebook config2 is shown in Figure 10 and Figure 11. The detailed evaluation results are summarized in Table 5 – Table 8. In the simulation, a beam combination vector is selected for each subband, and the feedback overhead for each subband is 2 x 3 + 2 = 8 bits. From the results, it can be seen that LC codebook performs almost identical to Class A codebook. 
In addition, performance of LC codebook with ideal combination coefficients (LC explicit feedback) is also investigated. The combination coefficients are calculated as 
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where 
[image: image62.wmf]v

is principal eigenvector. 

The results are shown in Figure 10 and Figure 11. It can be seen that even with ideal coefficients feedback, LC explicit codebook fails to provide justifiable gain. This is partly due to the construction of matrix D. In Rel-13 Class A codebook, matrix D consists of adjacent DFT beams which are highly correlated and they are not sufficient to span a subspace containing the optimal precoder. 
Observation:

· Linear combination codebook is unable to show performance gain over class A codebook, when W1 comprises non-orthogonal beams.
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Figure 10: Performance of LC codebook and LC explicit feedback with Config2, 3D-UMa-200 scenario, FTP traffic (left) and full buffer traffic (right)
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Figure 11: Performance of LC codebook and LC explicit feedback with Config2, 3D-UMi scenario, FTP traffic (left) and full buffer traffic (right)
Table 5: Performance of FD-MIMO, FTP traffic, 
[image: image67.wmf]l

=4.5, 3D-UMa-200 scenario
	Configuration
	5% UPT  (Mbps)
	5% UPT Gain
	50% UPT (Mbps)
	50% UPT Gain
	Mean UPT (Mbps)
	Mean UPT Gain
	RU

	Class A
	Config2
	16 ports
	7.11
	0.00%
	22.12
	0.00%
	25.77
	0.00%
	48%

	
	
	32 ports
	8.97
	0.00%
	26.37
	0.00%
	29.41
	0.00%
	42%

	
	Config3
	16 ports
	7.32
	0.00%
	22.41
	0.00%
	26.13
	0.00%
	48%

	
	
	32 ports
	8.90
	0.00%
	25.97
	0.00%
	29.19
	0.00%
	42%

	
	Config4
	16 ports
	6.83
	0.00%
	21.98
	0.00%
	25.74
	0.00%
	48%

	
	
	32 ports
	8.42
	0.00%
	25.40
	0.00%
	28.50
	0.00%
	44%

	LC codebook
	Config2
	16 ports
	7.03
	-1.20%
	22.37
	1.13%
	26.32
	2.13%
	48%

	
	
	32 ports
	8.82
	-1.61%
	26.37
	0.00%
	29.67
	0.88%
	42%

	
	Config3
	16 ports
	7.27
	-0.67%
	22.56
	0.67%
	26.42
	1.11%
	47%

	
	
	32 ports
	8.66
	-2.70%
	25.59
	-1.49%
	28.91
	-0.96%
	43%

	
	Config4
	16 ports
	6.88
	0.82%
	21.70
	-1.27%
	25.60
	-0.55%
	48%

	
	
	32 ports
	8.93
	6.07%
	25.78
	1.50%
	29.07
	2.01%
	43%

	LC explicit feedback
	Config2
	16 ports
	6.69
	-5.9%
	19.26
	-12.9%
	20.65
	-19.9%
	53%

	
	
	32 ports
	8.26
	-7.9%
	22.56
	-14.5%
	23.06
	-21.6%
	48%


Table 6: Performance of FD MIMO, full buffer traffic, 3D-UMa-200 scenario
	Configuration
	Cell edge user SE (bps/Hz/user)
	Gain on cell edge user SE
	Cell average SE (bps/Hz)
	Gain on cell average SE

	Class A
	Config2
	16 ports
	0.080
	0.00%
	3.77
	0.00%

	
	
	32 ports
	0.098
	0.00%
	4.71
	0.00%

	
	Config3
	16 ports
	0.079
	0.00%
	3.74
	0.00%

	
	
	32 ports
	0.095
	0.00%
	4.66
	0.00%

	
	Config4
	16 ports
	0.077
	0.00%
	3.71
	0.00%

	
	
	32 ports
	0.095
	0.00%
	4.62
	0.00%

	LC codebook
	Config2
	16 ports
	0.079
	-0.51%
	3.78
	0.20%

	
	
	32 ports
	0.099
	1.75%
	4.73
	0.43%

	
	Config3
	16 ports
	0.079
	0.00%
	3.74
	0.00%

	
	
	32 ports
	0.098
	2.34%
	4.64
	-0.53%

	
	Config4
	16 ports
	0.079
	1.54%
	3.69
	-0.60%

	
	
	32 ports
	0.095
	-0.39%
	4.61
	-0.33%

	LC explicit feedback
	Config2
	16 ports
	0.083
	3.4%
	3.89
	3.1%

	
	
	32 ports
	0.103
	5.6%
	4.84
	2.8%


Table 7: Performance of FD-MIMO, FTP traffic, 
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=4.5, 3D-UMi scenario
	Configuration
	5% UPT  (Mbps)
	5% UPT Gain
	50% UPT (Mbps)
	50% UPT Gain
	Mean UPT (Mbps)
	Mean UPT Gain
	RU

	Class A
	Config2
	16 ports
	6.59
	0.00%
	22.26
	0.00%
	26.27
	0.00%
	49%

	
	
	32 ports
	8.55
	0.00%
	26.37
	0.00%
	29.75
	0.00%
	43%

	
	Config3
	16 ports
	6.80
	0.00%
	22.71
	0.00%
	26.69
	0.00%
	48%

	
	
	32 ports
	9.00
	0.00%
	27.30
	0.00%
	30.58
	0.00%
	41%

	
	Config4
	16 ports
	6.61
	0.00%
	22.41
	0.00%
	26.30
	0.00%
	49%

	
	
	32 ports
	8.33
	0.00%
	26.37
	0.00%
	29.67
	0.00%
	43%

	LC codebook
	Config2
	16 ports
	6.47
	-1.75%
	22.41
	0.65%
	26.60
	1.25%
	49%

	
	
	32 ports
	9.42
	10.22%
	28.10
	6.56%
	31.32
	5.30%
	41%

	
	Config3
	16 ports
	6.61
	-2.89%
	22.41
	-1.31%
	26.61
	-0.31%
	48%

	
	
	32 ports
	8.51
	-5.45%
	27.43
	0.49%
	30.68
	0.34%
	42%

	
	Config4
	16 ports
	6.41
	-3.11%
	21.70
	-3.16%
	25.89
	-1.57%
	50%

	
	
	32 ports
	8.21
	-1.44%
	25.78
	-2.26%
	29.36
	-1.04%
	44%

	LC explicit feedback
	Config2
	16 ports
	6.14
	-6.8%
	19.26
	-13.5%
	21.39
	-18.6%
	53%

	
	
	32 ports
	8.06
	-5.7%
	23.81
	-9.7%
	24.80
	-16.6%
	46%


Table 8: Performance of FD MIMO, full buffer traffic, 3D-UMi scenario
	Configuration
	Cell edge user SE (bps/Hz/user)
	Gain on cell edge user SE
	Cell average SE (bps/Hz)
	Gain on cell average SE

	Class A
	Config2
	16 ports
	0.068
	0.00%
	3.75
	0.00%

	
	
	32 ports
	0.083
	0.00%
	4.63
	0.00%

	
	Config3
	16 ports
	0.067
	0.00%
	3.71
	0.00%

	
	
	32 ports
	0.083
	0.00%
	4.59
	0.00%

	
	Config4
	16 ports
	0.066
	0.00%
	3.69
	0.00%

	
	
	32 ports
	0.082
	0.00%
	4.56
	0.00%

	LC codebook
	Config2
	16 ports
	0.069
	2.05%
	3.76
	0.43%

	
	
	32 ports
	0.086
	3.20%
	4.66
	0.71%

	
	Config3
	16 ports
	0.067
	0.49%
	3.70
	-0.19%

	
	
	32 ports
	0.084
	2.16%
	4.58
	-0.20%

	
	Config4
	16 ports
	0.066
	0.37%
	3.67
	-0.57%

	
	
	32 ports
	0.084
	1.57%
	4.55
	-0.17%

	LC explicit feedback
	Config2
	16 ports
	0.072
	6.0%
	3.88
	3.7%

	
	
	32 ports
	0.090
	8.3%
	4.79
	3.4%


Based on discussion and evaluation results above, we propose to adopt orthogonal basis for advanced CSI feedback:

Proposal:
· For advanced CSI reporting, reduced space feedback with orthogonal basis is adopted.

3. Conclusions
In this contribution, implementation details of advanced CSI reporting are studied. Candidates of the reduced space construction are evaluated, and we have the following proposal:
Proposal:
· For advanced CSI reporting, reduced space feedback with orthogonal basis is adopted.
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4. Appendix

Table A1: Evaluation assumptions

	Parameter
	Value

	Antenna configuration
	Horizontal:  8 elements, X-pol (+/-45),  0.5λ space

Vertical: 8 elements, 0. 8
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space

	Scenario
	3D-UMi with 200m ISD, and 3D-UMa with 200m ISD

	System bandwidth
	10MHz (50RBs)

	Carrier frequency
	2GHz

	UEs per cell
	10 for full buffer

	UE  distribution
	Follows 36.873 3D-UMa, 3D-UMi

	UE speed
	3km/h

	Model of cross polarization
	36.814

	Traffic model
	Full buffer, FTP model 1, Lambda=4.5

	Scheduling algorithm
	PF

	Receiver
	Realistic channel estimation

	
	MMSE-IRC receiver

	HARQ 
	Max 4 transmissions

	PMI/CQI feedback periodicity
	10ms

	RI feedback periodicity
	120ms

	Transmission scheme
	SU/MU dynamic switching, maximum 8 UEs for MU 

	Wrapping  method
	Geographical  distance based

	Handover margin
	3 dB
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