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Introduction
In RAN1#86bis meeting, advanced CSI feedback was extensively discussed [1]. The discussion is mainly focusing on down selection of two alternates of the codebook structure, which is either based on orthogonal [2] or non-orthogonal DFT beams [3]. A conclusion was achieved after email discussion [4].  
Conclusions:
· 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 ~ rank-4 codebooks
· Note: For rank 5-8, Rel.13 codebooks can be reused 
In this contribution, we further discuss the advanced CSI design on down selection of the codebook structure. In addition, we proposed advanced CSI design for hybrid CSI based on wideband channel covariance matrix feedback.
Codebook structure
For two codebook design alternatives, the non-orthogonal basis vector based approach has a benefit for low feedback overhead, but the performance gain is quite limited. According to performance evaluation in [5], only 12% cell edge gain can be observed for the non-orthogonal beams based codebook with ideal phase weighting. The gain is further reduced when phase quantization is considered. While up to 38% cell edge gain can be observed for orthogonal beams based approach. Therefore, the orthogonal beams based codebook structure shall be considered for advanced CSI design. In the following sections we will discuss the down selection of phase and amplitude feedback for orthogonal beams based codebook design.
Number of beam basis vectors 
For orthogonal beam design, the first issue is the value range of number of beams. In general, the number of beams is highly correlated with the overhead and performance. As illustrated in [5] the 4 orthogonal beam combining could achieve sufficient performance gain. Further increasing the number of beams cannot bring more gains except for significant overhead increase. Therefore, we propose to consider only 2 and 4 beams basis for advanced CSI.
Another remaining area for down selection is whether to apply unrestricted or restricted selection of orthogonal beams. It was shown that restricted beam selection only degrades less than 5% performance with 4 beams basis but with a reduced W1 overhead. For 32 CSI-RS ports, by conducting with ‘Config3’ and (O1,O2) = (4,4), 8 bits is required for restricted beam selection, while 20 bits is needed for unrestricted beam selection. 
Proposal 1: Considering restricted beam selection with N=2 or 4.
Amplitude and phase weighting feedback
The possible options for amplitude and phase weighting feedback are summarized in Table 1 below. To down select the desirable candidate, system evaluation is considered.
Table 1: alternatives for amplitude and phase weighting evaluations
	
	amplitude weighting
	phase weighting

	Alt.1 
	Wideband(2 or 3bit), same per layer
	Joint enc.(2 or 3bit)  across layers

	Alt.2 
	Subband(2 or 3bit), same per layer
	Joint enc. (2 or 3bit) across layers

	Alt.3 
	Differential(2bit/wb, 1bit/sb), same per layer
	Joint enc. (2 or 3bit) across layers

	Alt.4
	Wideband(2 or 3bit), different per layer
	Joint enc.(2 or 3bit)  across layers

	Alt.5
	Wideband(2 or 3bit), same per layer
	Separate enc.(2  or 3bit) for each layers

	Alt.6
	Subband(2 or 3bit), same per layer
	Separate enc.(2  or 3bit) for each layers


   
For amplitude weighting feedback alternatives in Table 1, the illustration of same or different amplitude per layer is provided in Table 2. And the joint or separate encoding of the phase weighting alternatives are illustrated in Table 3. 
Table 2: amplitude weighting alternatives
	
	Rank1
	Rank2

	Same amplitude per layer

	
	For both layer1 and layer2
 

	different amplitude per layer
	
	layer1: , layer2:



Table 3: phase weighting alternatives
	
	Rank1
	Rank2

	Joint encoding of phase across layers
	,
	 ,  

	Separate encoding phase for each layers
	,
	, ,  ,



Figure 1 shows the system performance of different amplitude weighting schemes corresponding to the alternatives in Table 1. The (m,n) refers to the quantization of amplitude and phase weighting bits. Uniform amplitude quantization [-15,0] in dB domain and uniform 8PSK phasing quantization are assumed. For differential quantization, ±1dB offset is applied with 1bit subband level indicator for each beam.
It can be seen from Figure 1 that Alt2 with 3-bits subband level amplitude weighting has the best performance among all the candidate schemes, but at the cost of significantly large overhead than others. Alt. 3 differential quantization with 1 bit subband feedback only provide less than 3% gain over wideband level quantization of Alt 1 with 3bits. The feedback with different amplitude per layer exhibits only 2% cell edge gain over the feedback with same amplitude per layer when 3-bits quantization level is considered. Meanwhile it is observed that 3 bits quantization has remarkable gain over 2 bits quantization in both wideband and subband level amplitude feedback.

Figure 1: amplitude weighting schemes performance gain @ 16port, 4 restricted beam basis, 50% RU
The performance of the joint or different encoding of phase weighting is compared for different quantization bits. The wideband amplitude feedback with 3bit quantization is assumed for both alternatives. As shown in Figure 2, Alt5 with separate coding per layer could achieve larger throughput gain over Alt1 with joint coding under same quantization levels. Nevertheless, there is non-negligible overhead increase for separate coding approach. In fact, the performance gap between the joint and separate coding approach is reduced for 3-bits phase quantization, especially for cell mean throughput.

Figure 2: phase weighting schemes performance gain @ 16port, 4 restricted beam basis, 50% RU
Based on evaluation results, we propose:
Proposal 2: Adopting same amplitude per layer weighting with wideband 3bit quantization
Proposal 3: Adopting subband 8PSK phase weighting with joint encoding across layers
It is noted that there is significant increase on codebook size for advanced CSI. Therefore, advanced CSI will increase UE processing complexity. Relaxation of advanced CSI feedback processing is thus preferred.
Proposal 4: Specify CSI processing relaxation for advanced CSI.
Advanced CSI for 4TX
In RAN1#86bis, the working assumptions to support advanced CSSI also for 4TX aiming to have a unified structure and feedback framework was made. In this section, we further evaluate 4Tx performance with different amplitude and phase weighting alternatives in Table 1. 
As shown in Figure 3, with 3bits wideband level amplitude and 8PSK joint encoded phase weighting, up to 17% cell edge gain can be achieved. The maximum cell edge gain can be up to 25% with subband level amplitude weighting and separate encoded phase for each layer. But it shall be noted that the total overhead is 184 bits, even larger than 127 bits of the 16-ports. Even if a joint encoded phase weighting is used to reduce the overhead, the total overhead is 157 bits still larger than the overhead of 16-ports. Therefore, the subband amplitude feedback for 4TX is not preferred.
      
      Figure 3: 4 port advanced CSI gain @ 50% RU                   Figure 4: MU-MIMO statistics @ 50% RU
It needs to be reminded here that the advanced CSI feedback was initially motivated by improving MU-MIMO performance. For 4 TX, the probability for MU-MIMO pairing will be less than the large number of antenna ports such as 16 ports. As shown in Figure 4, the percentage of MU-MIMO scheduling for 4TX is less than 20%. The performance improvement from advanced CSI is mainly from SU-MIMO because the baseline Rel-12 4TX codebook for evaluation is not optimal for the closed-space x-pol antenna array used in the evaluation.
Proposal 5: If supported, the advanced CSI for 4TX shall be based on a unified framework as other number of antenna ports
Advanced CSI for Hybrid CSI-RS
Advanced CSI shall support also hybrid CSI-RS. For hybrid Class A and Class B operation, the following feedback framework can be considered when advanced CSI is supported. 
W1 CSI feedback:
· Basis feedback 
· The beam basis feedback may include a set of orthogonal beams basis, such as orthogonal DFT beams as proposed in ClassA advanced CSI W1 construction. For  beam basis, eNB transmit  ports precoded CSI-RS. To minimize the large overhead of non-precoded CSI-RS, beam basis feedback is tentatively to be configured with long periodicity.
W2 CSI feedback:
· Beam selection 
· A wideband beam selection can be supported so that beam combining can be applied to a subset of antenna ports instead of all the antenna ports. This allows the beam combining is better based on the preferred beams when UE specific CSI-RS is not precoded with the desired weights.

· Amplitude and phase weighting 
· For the selected beams or subset of antenna ports, a weighed combining approach is used. To be consistence with ClassA CSI feedback, wideband amplitude weighting and subband level feedback of phase weighting with joint encoding across layers could be used.
In [5], a wideband compressed covariance matrix based feedback scheme was proposed to facilitate hybrid CSI feedback. In summary, wideband channel covariance matrix with reduced dimension representation is explicitly feedback to eNB. Then the eigenvectors of the covariance matrix can be utilized to precode the CSI-RS. For the CSI reporting of the 2nd eMIMO-Type, either legacy CSI with beam selection codebook or advanced CSI with beam combining codebook can be used. Figure 5 illustrates two advanced CSI alternatives for hybrid CSI-RS.
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Figure 5: comparison of DFT beam and compressed R basis for hybrid CSI 
[bookmark: _GoBack]For the compressed R based approach, if all the eigenvectors are used for beamforming CSI-RS the performance will be similar to the DFT basis based approach. That is because the eigenvector matrix is unitary matrix and the beam combing based on B*eig(A) is essentially same as the beam combining based on the basis B when all the beams are used for combining. For the compressed R based approach, it is possible to use a less number of eigenvectos for beamforming CSI-RS. Compared to CSI-RS beamforming with the same number of DFT beams, each CSI-RS beam coverage is improved thus the performance of the beam combining is also improved. Therefore, the compressed R based approach has a better performance under the same CSI-RS overhead and CSI feedback overhead.
To compare the performance difference of the two alternatives, system simulation is conducted. The simulations are performed for 16 CSI-RS ports with 3D-UMi configuration. Both DFT beam based W1 and compressed covariance matrix based W1 are included in evaluation, with unrestricted beam selection and oversampling ratio of 4. We listed options for evaluation in Table 4, with different construction of W1 and beam selection in W2. Wideband 3bits quantized for amplitude and subband 3 bits quantized with joint encoding across layers for phase are applied for all options. The W1/W2 overhead associated with each option are summarized in the table. In addition, W1 feedback 50ms is assumed in the evaluation.
Table 4 Options under evaluation of advanced hybrid CSI feedback
	
	W1 construction
	W2 beam selection
	W1 overhead
	W2 overhead(9 sb)

	Option1
	2 DFT beams
	2 beam selection
	12
	57

	Option2
	4 DFT beams
	2 beam selection
	20
	59

	Option3
	4 DFT beams
	4 beam selection
	20
	111

	Option4
	Compressed R
	2 beam selection
	65
	59


System simulation results are presented in Figure 6 below. It is observed that Option 3 with 4 beam combining provides the best performance but with almost two times W2 overhead compared to other options. Option 4 with compressed R based approach performs 3-4% better than option 1 and 2 with similar W2 overhead. The W1 overhead increase for option 4 can be negligible since W1 feedback of the first eMIMO-Type typically has a long periodicity.

Figure 6: throughput gain of hybrid CSI @ 16 ports, 4 unrestricted beam basis, 50% RU 
Proposal 6: Support wideband channel covariance matrix in advanced hybrid CSI feedback.
Conclusion
In this contribution, we discussed advanced CSI design for both non-precoded and hybrid CSI-RS. Our proposals for advanced CSI are summarized as below.
Proposal 1: Considering restricted beam selection with N=2 or 4.
Proposal 2: Adopting same amplitude per layer weighting with wideband 3bit quantization
Proposal 3: Adopting subband 8PSK phase weighting with joint encoding across layers
Proposal 4: Specify CSI processing relaxation for advanced CSI.
Proposal 5: If supported, the advanced CSI for 4TX shall be based on a unified framework as other number of antenna ports
Proposal 6: Utilizing wideband covariance matrix in advanced hybrid CSI feedback.
Proposal 6: Support wideband channel covariance matrix in advanced hybrid CSI feedback.
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