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1 Introduction

In RAN1#86bis, the quantized channel weighting in advanced CSI was discussed but no conclusion. The main discussions were the following aspects [1]:
· Phase and amplitude weighting is applied to combine selected beams from W1

· Phase weighting is subband, downselect from:

· Separate weighting for each layer, with [2 or 3] bits quantization per beam per layer

· Joint encoding of weighting across layers, with [3] bits quantization per beam 

· Downselect amplitude quantization from:

· Frequency granularity:

· Wideband using [1 - 3] bits

· Differential using [1] bits / subband

· Absolute using [1-3] bits / subband

· Layer granularity:

· Same amplitude for all layers

· Different amplitude for each layer

· TBD: if quantization granularity/bits vary per layer and/or per beam
· TBD: if amplitude and phase are jointly encoded
In this contribution, we focus our discussion on channel weighting and analyze related feedback overhead. Based on the discussion, we provide the design of channel weighting. 
2 Discussion on channel weighting
In previous meetings, the channel weighting including quantized phase and amplitude were discussed in contributions from different companies. Regarding phase feedback, most companies are aligned with subband based feedback. We also prefer subband based feedback for phase and 3-bit quantization should be applied based on our evaluation. The main divergence lies in amplitude feedback. Companies have different views in the feedback granularity of amplitude. In this section, we provide our views in amplitude feedback from the perspective of frequency granularity, layer granularity, as well as quantization resolution and method. 
Frequency granularity

As discussed in last meeting, there are three alternatives for frequency granularity in amplitude feedback: wideband, differential and subband. Different frequency granularity corresponds to different trade-off between performance and feedback overhead. We compared the performance of all three alternatives in our companion contribution [2] and observed significant gain in average UPT and 5% UPT in subband amplitude comparing to wideband amplitude, while the performance of differential feedback performs closely to subband feedback. The intuition behind this is obvious.  Due to frequency selectivity, wideband amplitude can’t reflect the power variation in channel path in frequency domain. Subband amplitude is a better alternative to capture the real channel path energy, however, at a cost of larger feedback overhead. Differential amplitude feedback is a good compromised solution to balance performance with overhead.
Layer granularity
In case of rank>1 transmission, to reduce overhead, a scheme using the same amplitude for all layers was proposed in last meeting. However, if all layers use the same amplitude, the orthogonality between those layers might be broken. When those layers are correlated, inter-layer interference will degrade the downlink performance. Therefore, different amplitude should be used for each layer for better system performance.
Quantization resolution and method
Based on our performance evaluation, either 2-bit or 3-bit quantization is applied in subband or wideband amplitude. For differential amplitude feedback, 2bits are applied in wideband and 1 bit in subband. The simulation results in companion contribution [2] show that 2bits quantized amplitude with subband feedback can cover most gain brought by advanced CSI. 
Regarding quantization method, there are linear and non-linear quantization methods which were discussed in the contributions from some companies. Considering the specification complexity of non-linear quantization, we prefer to use linear quantization in amplitude feedback. 
From the discussion above, we have the following observation:
Observation 1: 
· Wideband amplitude feedback brings significant performance loss compared to subband amplitude feedback.
· The same amplitude for all layers will break the orthogonality between these layers.
· 2bits linear quantized subband amplitude
 feedback can cover most gain brought by advanced CSI. 
3 Overhead analysis
Above subsection discusses the quantized channel weighting feedback from performance aspect. Next we will analyze and compare the feedback overhead for each scheme. For advanced CSI, UE needs to report the following four parameters:
· Oversampling offset: select one full dimension orthogonal matrix among candidates
· Column indices: select columns from full dimension orthogonal matrix
· Amplitude weighting

· Phase weighting

It is a common understanding among most of the companies that oversampling offset and column indices are wideband feedback, while phase weighting is subband feedback. Amplitude weighting feedback can be wideband, subband or differential. To calculate the overhead, we assume:
· System bandwidth: 
· 10MHz bandwidth with 9 subbands

· Antenna ports: 
· 16 or 32 antenna ports

· Orthogonal Basis:
· Oversampling factors is 4 for both horizontal and vertical directions

· 4 or 6 columns are selected 
· Weighting factor:

· Phase for each column each subband: 

· 3 bits

· Amplitude for each column:

· Subband based, 2 or 3 quantized bits
· Wideband based, 3 quantized bits
· Differential based: 2 quantized bits in wideband and 1 quantized bit in subband
Thus, the feedback overhead of different feedback granularity for one layer is listed in the following table.
Table 1 Feedback overhead for different schemes

	4 columns
	Feedback granularity
(Amplitude, phase)
	number of subband bits

(amplitude 2/3 bits)
	number of wideband bits
(16Tx/32Tx)
	Total bits

	
	(Subband, subband)
	135/162
	20/24
	155~186

	
	(Wideband, subband)
	81
	20/24 + 6/9
	107~114

	
	(Differential, subband)
	108
	26/30
	134/138

	6 columns
	Feedback granularity
(Amplitude, phase)
	number of subband bits

(amplitude 2/3 bits)
	number of wideband bits
(16Tx/32Tx)
	Total bits

	
	(Subband, subband)
	225/270
	28/34
	253~304

	
	(Wideband, subband)
	135
	28/34+10/15
	173~184

	
	(Differential, subband)
	180
	38/44
	218/224


As seen in Table 1, antenna port number has little impact on overhead, since it only impact overhead in column indices which are feedback in wideband. In addition, the overhead in column index feedback can be further reduced by feedback a column combination index instead. For example, if a UE need to feedback 4 columns out of 16 columns, it will need 16 bits to indicate selected column indices. However, if column combination index is used, since there are total 
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different combinations, UE will only need 11 bits to indicate the selected columns.   

Observation 2: The column indices feedback overhead can be reduced by feedback column combination index instead.
On the other hand, the amplitude feedback granularity and number of selected column show significant impact on overhead.
Observation 3: The amplitude feedback granularity and number of selected columns have big impact on overhead.
4 Design of quantized channel weighting

Based on the analysis in performance and feedback overhead in previous sections, we can conclude that the key factor in performance and feedback overhead trade-off is amplitude feedback granularity. Wideband based amplitude feedback has the smallest overhead, while subband based amplitude feedback has the the biggest overhead. However, the performance difference between wideband and subband are nearly 10% in average UPT and 5% UPT. The evaluation also shows that the performance of differential amplitude feedback approaches subband feedback. Based on the overhead analysis in the third section, the scheme using 6 columns and 3 quantized bits wideband amplitude has the similar overhead with the scheme using 4 columns and 2 quantized bits subband amplitude. Besides, the simulation results in our companion contribution [2] show that 4 columns, 2 bits subband amplitude feedback can achieve similar performance gain with 6 columns, 3 bits subband amplitude feedback. Therefore, we prefer to use less number of columns and less quantization resolution with subband amplitude feedback instead of wideband amplitude feedback to obtain better balance between performance and overhead. The detailed principle of quantized weighting design is listed in Table 2.
Table 2 Principle of quantized weighting design
	Granularity\Reporting quantities
	Oversampling offset
	Column indices
	Amplitude weighting
	Phase weighting

	Frequency granularity
	Wideband
	√
	√
	
	

	
	Subband
	
	
	√
	√

	
	Differential
	
	
	√
	

	Number of column
	4 columns
	
	√
	
	

	
	6 columns
	
	
	
	

	Quantization resolution
	2 bits
	
	
	√
	

	
	3 bits
	
	
	
	√

	Layer granularity
	Same for all layers
	√
	√
	
	


Considering trade-off between performance and feedback overhead, we propose
Proposal 1: 2-bit subband feedback and/or differential amplitude feedback with 4 selected columns should be specified. Different amplitude should be feedback for each layer.
Next, we will provide the detailed design of advanced CSI feedback.

Firstly, the advanced codebook should be a dual-stage codebook which can be expressed as:
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Where W2 can be expressed as
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W2 has the dimension of
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, where L is transmission rank which belongs to the set {1, 2, 3, 4}. C is the number of selected column in full dimension orthogonal matrix which is predefined as 4 based on our proposal. It is obvious that 
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is the beam power representing the energy of channel path. When 2-bit subband amplitude is used, after normalization, the quantized beam power may have value of {1/16, 1/4, 1/2, 1}, which can be mapped to a power index set {0, 1, 2, 3}. For 2-bit wideband and 1-bit subband differential amplitude feedback, the wideband power index, defined as
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, belongs to the set {0, 1, 2, 3} corresponding to value {1/64, 9/64, 25/64, 49/64} and subband power index, defined as
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, belongs to the set {0, 1} corresponding to differential value set listed in Table 3.
Table 3 Differential value table
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	0
	1
	2
	3
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 corresponding value
	{0, 1/16}
	{1/16, 1/4}
	{1/4, 9/16}
	{9/16, 1}


When 3-bit quantization is applied in subband phase, the phase values’ index, defined as
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, belongs to the set {0, 1, 2, 3, 4, 5, 6, 7}, which is corresponding to value in {0, 
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}. Thus, we have the following proposal:
Proposal 2: 
· 2-bit subband amplitude feedback: define the power index as k, k∈ {0, 1, 2, 3} corresponding to value {1/16, 1/4, 1/2, 1}.
· Differential amplitude feedback: define the wideband power index as 
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and subband power index as
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, where 
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∈ {0, 1, 2, 3} corresponding to value {1/64, 9/64, 25/64, 49/64} and
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∈ {0, 1} corresponding to value {{0, 1/16}, {1/16, 1/4}, {1/4, 9/16}, {9/16, 1}}.
· 3-bit subband phase feedback: define the phase index as p, where p∈ {0, 1, 2, 3, 4, 5, 6, 7} corresponding to value {0, 
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5 Conclusions
This contribution discusses the quantized channel weighting from performance and overhead perspective. Based on these discussions and analysis, we give our preference on quantized channel weighting in Table 2. From above analysis, we have the following observations and proposals:
Observation 1: 

· Wideband amplitude feedback brings significant performance loss compared to subband amplitude feedback.
· The same amplitude for all layers will break the orthogonality between these layers.
· 2bits linear quantized subband amplitude
 feedback can cover most gain brought by advanced CSI. 
Observation 2: The column indices feedback overhead can be reduced by feedback column combination index instead.
Observation 3: The amplitude feedback granularity and number of selected columns have big impact on overhead.
Proposal 1: 2-bit subband feedback and/or differential amplitude feedback with 4 selected columns should be specified. Different amplitude should be feedback for each layer.

Proposal 2: 

· 2-bit subband amplitude feedback: define the power index as k, k∈ {0, 1, 2, 3} corresponding to value {1/16, 1/4, 1/2, 1}.

· Differential amplitude feedback: define the wideband power index as 
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∈ {0, 1, 2, 3} corresponding to value {1/64, 9/64, 25/64, 49/64} and
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∈ {0, 1} corresponding to value {{0, 1/16}, {1/16, 1/4}, {1/4, 9/16}, {9/16, 1}}.

· 3-bit subband phase feedback: define the phase index as p, where p∈ {0, 1, 2, 3, 4, 5, 6, 7} corresponding to value {0, 
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