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Introduction  
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK167]In 3GPP RAN1#86 meeting, advanced CSI reporting was extensively discussed and fruitful progress was made including unified framework for reduced space representation and codebook based linear combination. In order to carry associated enhanced CSI, new uplink control channel was discussed as well and the following conclusion was achieved [1]:
[bookmark: OLE_LINK76][bookmark: OLE_LINK79][bookmark: OLE_LINK84]Conclusions:
· Companies are encouraged to investigate the usage of new or existing PUCCH format for the purpose of analog feedback to carry advanced CSI.

[bookmark: OLE_LINK42][bookmark: OLE_LINK43]In this contribution, we compared the resource efficiency to carry quantized CSI using existing uplink channel and un-quantized CSI using new designed channel. In addition, the specification complexity for un-quantized CSI feedback is discussed.
[bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK142][bookmark: OLE_LINK181][bookmark: OLE_LINK182]Uplink channel design for quantized and un-quantized CSI feedback 
[bookmark: OLE_LINK154][bookmark: OLE_LINK155]Uplink channel design 
For reduced space representation of advanced CSI feedback, the UE measures the downlink channel based on CSI-RS and derives eigenvectors of the channel covariance matrix by eigenvalue decomposition. An orthogonal/un-orthogonal basis and corresponding weighting factors are selected by UE to represent the associated eigenvector. Hence the associated CSI reporting includes
· legacy RI and CQI
· basis index
· weighting factors


[bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31]The CQI and basis index can be multiplexed together. Then legacy aperiodic CSI reporting mechanism can be used for RI, CQI/basis index reporting. As for weighting factor feedback, our previous contribution [2] introduced a new uplink channel to carry un-quantized channel coefficients. For reduced space representation for the  subband, i.e., the modulation on an uplink RB can be illustrated in Figure 1.


[bookmark: _Ref450558655] Figure 1 Un-quantized CSI transmission on new uplink channel
In order to benefit from the frequency selective scheduling, the new uplink channel can be transmitted on indicated RBs per eNB scheduling. In the case of uplink data and advanced CSI feedback from a UE appearing in the same subframe, the multiplexing of two uplink signals can refer to legacy aperiodic CQI/PMI transmission in PUSCH, i.e. first n RBs for un-quantized CSI and remaining allocated RBs for data as shown in Figure 2. 


[bookmark: OLE_LINK89][bookmark: OLE_LINK90]Figure 2 Multiplexing of advanced CSI and date in an uplink subframe 
Standardization impact 
There is one concern that introduction of  new uplink channel need much effort in specification. Of cause some effort has to be made to specify new channel to carry un-quantized CSI. However, for this new uplink channel we proposed, most of legacy design principles can be reused. For example
· Modulation of un-quantized CSI. ZC sequence and modulation method of PUCCH format 2 can be reused.
· Multiplexing of advance CSI and data. The principle of transmitting CQI/PMI in PUSCH can be as a reference. In allocated bandwidth for PUSCH, defining partial RBs for un-quantized CSI will not take much effort.
· Downlink control signal. Legacy UCI format to trigger aperiodic CSI feedback can be re-used.
Thus, we have the following observation:
[bookmark: OLE_LINK36][bookmark: OLE_LINK37]Observation 1: We do not observe much standardization complexity to design new uplink channel since most legacy design principle can be reused. 
Overhead analysis  
Above subsection discusses the un-quantized weighting feedback. However, the weighting factor can also be reported as quantized. One advanced quantized weighting factor feedback is to save standardization effort since legacy CQI/PMI feedback can be reused. In this section, we compare the un-quantized and quantized CSI feedback from the transmission efficiency perspective. All the comparison is in the scenario of 20MHz system bandwidth, which has 13 subbands.
· Un-quantized CSI feedback 
The overhead for un-quantized CSI depends on the number of feedback elements. In the case of 4 antenna ports, one eigenvector has 4 elements in the case of rank1 feedback. However, the first element can be normalized to 1 as the reference and only 3 elements need to be reported. Thus, the number of elements is 3*13=39 elements for feedback. 
For more than 4 antenna ports, the number of elements depends on column number of the selected basis. For example, if the number of columns is equal to 6, the number of elements is 65.
Based on new uplink channel design, one RB can carry 10 elements if multiple cyclic shifts for one ZC sequence are not considered to carry different elements. For example, if one selected basis has 4 or 6 columns, there are 39 or 65 elements for feedback respectively. Accordingly, the required RBs for un-quantized feedback are 4 and 7 respectively, which is illustrated in Table 1.
Table 1 Resource usage for un-quantized CSI
	Basis size 
	Required RBs 

	4 columns 
	4 

	6 columns 
	7 



· Quantized CSI feedback
Number of quantization bits depends on elements number and bits number for each element. Assuming subband feedback of 3bits amplitude and 3 bits phase quantization for one element, the number of bits number will be 6*4*13=312 and 6*6*13=468 for basis with 4 and 6 columns respectively. However, it was said that the amplitude can be wideband reported. Then the quantization bits for subband level feedback will be reduced to 156 and 234.
The classic configurations used to transmit quantized CSI are
· PMI-beta-offset = 2.5
· Assumptions on PDSCH: 0.3 Coding rate, QPSK 
The formula in TS36.212 can be used to calculate the required RBs for quantized CSI, i.e.


The resource usage for quantized CSI can be summarized into Table 2
Table 2 Resource usage for quantized CSI
	Basis has 4 columns
	Feedback granularity
(Amplitude, phase)
	number of quantized bits(O)
	Number of REs(Q’)
	[bookmark: OLE_LINK74][bookmark: OLE_LINK77]Required RBs

	
	(Subband, subband)
	312
	1200
	8~9

	
	(Wideband,subband)
	156
	615
	4~5

	Basis has 6 columns
	Feedback granularity
(Amplitude, phase)
	number of quantized bits(O)
	Number of REs(Q’)
	Required RBs

	
	(Subband, subband)
	468
	1785
	12~13

	
	(Wideband,subband)
	234
	907
	6~7



Comparing Table 1 and Table 2, we observed that un-quantized CSI feedback has comparable overhead as quantized CSI with wideband amplitude and subband phase feedback. If both amplitude and phase are subband feedback, quantized CSI will consume much more uplink resource than un-quantized CSI. It should be noted that the resource needed for un-quantized CSI feedback is using only one cyclic shift for a ZC sequence. The resource consuming will be further reduced if more cyclic shift can be used.
[bookmark: OLE_LINK38][bookmark: OLE_LINK39]Observation 2: When the number of quantization bits is large, quantized CSI feedback will be more inefficient than un-quantized CSI feedback.
Hence we propose
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]Proposal: Specify un-quantized CSI feedback for LTE Rel-14, where un-quantized CSI feedback can be used when any following conditions is satisfied:
·  4 or 8 antenna ports
·  number of quantization bits exceeds some thresholds, i.e. 240 bits
Conclusions
In this contribution, we provide the overhead analysis of quantized CSI and un-quantized CSI and discuss the specification complexity for un-quantized CSI feedback. According to the analysis, we have the following observations and proposals:
Observation 1: We do not observe much standardization complexity to design new uplink channel since most legacy design principle can be reused. 
Observation 2: When the number of quantization bits is large, quantized CSI feedback will be more inefficient than un-quantized CSI feedback.
[bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424][bookmark: _Toc372730032][bookmark: _Ref373140995][bookmark: _Ref373141034][bookmark: _Toc373854863][bookmark: _Ref401993084]Proposal: Specify un-quantized CSI feedback for LTE Rel-14, where un-quantized CSI feedback can be used when any following conditions is satisfied:
·  4 or 8 antenna ports
·  number of quantization bits exceeds some thresholds, i.e. 240 bits
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