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1 Introduction

At the RAN1 #85 meeting, it achieved the following agreements [1]
· Specify enhancement on CSI reporting to improve eNB precoding. The specified enhancement is to be selected from the following categories:

· Enhancements to Rel-13 feedback codebooks (FFS which numbers of antenna ports from the set {8, 12, 16, 20, 24, 28, 32}) that increase CSI resolution through improved beam selection / construction in W1 and/or improved beam/port selection / combining / weighting mechanisms in W2 

· Parameters representing channel coefficients, or some reduced space representation thereof including beam combining / weighting with coefficient quantisation or channel quantisation or channel covariance matrix quantisation

· Uplink physical channel enhancements to carry the representation of channel coefficients can be included if selected
In this contribution, we first discuss two advanced CSI categories from implementation and performance perspective. We propose to specify channel coefficients feedback for CSI enhancements in Rel-14. Then, reduced space representation of channel coefficients are discussed, which can be carried by enhanced uplink control channel.
2 Comparison of two CSI enhanced categories
Two CSI enhancement schemes were proposed on RAN1#85 meeting, where codebook enchantment is to linearly combine beam vectors in legacy Rel-13 W1 with predefined coefficients. The enhanced codebook aims to provide non-DFT vectors in each polarization to better capture realistic channel profile. On UE sides, once W1 (or enhanced W1) is determined, W2 are selected as the linear co-phasing coefficients. To obtain the optimal precoder, UE can run exhaustive search on W1 and W2 among defined codebooks. However, it is much resource consuming when there are a large number of codebook candidates. Taking combining 4 beam vectors as an example, using 3 bits quantized co-phase as the combination coefficient generates 2^12 codebooks for a given W1. It is infeasible for UE to store such large amount of codebooks. In addition, it is very complicated to obtain the optimal codebook by exhaustive searching. UE can adopt some simplified solution to reduce the computation complexity. However, the performance will be compromised more or less depending on actual algorithm. As comparison, channel coefficient feedback, no matter in quantized and un-quantized form, does not require extra memory. The channel coefficients can be derived from channel estimates directly, which allows calculation complexity kept in an acceptable level.  

Observarion1: Codebook enhancement will lead to a huge number of codebooks. Consequently,

·  It is infeasible for UE to store such amount of codebooks. 

·  It is very complicated to obtain the optimal codebook by exhaustive searching. Other sub-optimal methods will cause performance loss.
The simulation is performed to illustrate the performance of codebook enhancement, feedback of quantized channel coefficients, and unquantized channel coefficients. For fairness, the CSI overhead of each scheme is discussed first.
In codebook enhancement [2], the combination coefficients are co-phases between adjacent beam vectors. In our simulation, 4 beams combination is considered. For each co-phase, 3 bits can indicate one value among
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.  If two polarizations share the same co-phases, it requires 12 bits for each subband. For 20MHz system bandwidth, W2 feedback needs 12*13=156 bits in the case of rank1;
For channel coefficients feedback, the reporting overhead depends on feedback contents. Channel or channel covariance feedback may require relative large uplink resource. While for eigenvector feedback, the required uplink resource of un-quantized feedback is comparable with legacy PUSCH3-2 feedback in the case of 4 ports CSI-RS [3]. For the case where number of antenna ports is greater than 4, the space reduction can be conducted to limit un-quantized feedback to 4 ports level, which is presented in Section 3. It is obvious that uplink channel enhancement to report un-quantized eigenvector has less overhead comparing to codebook based enhancement. 

For the quantization of eigenvector feedback, using reduced space can further reduce the feedback overhead. After projection of Eigen vector using one orthogonal base, the number of reduced space parameters to be reported can be reduced to 6. The amplitude of reported parameter can be wideband, and quantized with 2 bits, and phase can be 3bits quantized for each subband. Consequently, the subband feedback needs 3*5*13= 195 bits in the case of rank1 feedback.  

Observation2: Compared with codebook enhancement, 

· Uplink channel enhancement to report un-quantized eigenvector consumes less uplink resource.
· Reporting quantized eigenvector has comparable overhead.
The simulation results of codebook enhancement, quantized and unquantized eigenvector feedback are provided in Section 4. The legacy two-stage codebook is used as baseline. Enhanced CSI schemes are evaluated under 3D-UMa channel for 16 Tx ports. The simulation conditions are detailed in Appendix.

From the simulation results we can see that channel coefficients feedback provides significant gain over codebook enhancement. Un-quantized eigenvector feedback has the best performance among the schemes, i.e. cell average gain of 17% and 10% over codebook enhancement and quantized channel coefficients respectively.
Observation3: Channel coefficients feedback in quantized and unquantized form provides significant gain over codebook enhancement. 

Observation4: Un-quantized eigenvector feedback has 17% and 10% cell average gain over codebook enhancement and quantized channel coefficients, respectively. 
Base on the discussion and evaluation, we propose

Proposal1: Specify channel coefficient feedback in Rel14 if down selection has to be made.
3 Reduced Space CSI
In our companion contribution [3], uplink channel design is provided to carry channel coefficients, where the parameters of channel representation are modulated on ZC sequence and transmitted using uplink resource. Channel coefficients stands for channel, channel covariance, or eigenvector of channel covariance. Their dimensions are highly related to CSI-RS ports number. When the number of CSI-RS ports is in a low level, i.e. 4 or 8, the resource consumed to carry channel coefficients is comparable with conventional PUSCH 3-2 CSI feedback. With the increasing number of CSI-RS ports, i.e.16 or 32, feedback of channel coefficients will consume more uplink resource. In the following subsections, reduced space CSI schemes are introduced for non-precoded and beamformed CSI-RS as the means to reduce feedback overhead.
3.1 Non-precoded CSI-RS
The channel coefficients can be channel, channel covariance matrix, or eigenvector. Compared with channel or channel covariance feedback, eigenvector has lower overhead especially for low rank cases. It is well known that advanced CSI is beneficial for MU transmission, wherein each UE is probably in low rank state. Therefore, eigenvector feedback seems more suitable.
In the following, we present the reduced space feedback assuming feedback of eigenvectors.

Performing Eigen value decomposition of H to get the eigenvector V as
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Projecting V on an orthogonal base can concentrate energy on limited number of elements. A proper orthogonal base design benefits energy concentration, i.e. more proper orthogonal base, more energy is concentrated. The orthogonal base should relate to channel correlation between antenna ports. LTE R14 supports up to 32 CSI-RS ports with various antenna ports layout. Accordingly, the orthogonal base can be generated based on antenna configuration.
For a 2D antenna layout with dual polarization, the basic structure of orthogonal base can be illustrated as
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where 
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 are the CSI-RS ports number in the 1st and 2nd dimension.

The orthogonal base can be further refined by introducing rotation matrices in each dimension. For instance the finer orthogonal base can be expressed as
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where 
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where O is as the oversampling parameter and configured by eNB.
Proposal2: A set of orthogonal bases are generated based on configurations, which includes
·  Antenna configuration, i.e. N1, N2;

·  Base number configuration, i.e. O
Introduction of 
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in orthogonal base B can concentrate more energy on few samples, which reduce the mismatch when abandoning smaller samples in feedback. However, the matrix of 
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 is hard to be determined by eNB since it is wireless channel specific. Based on the channel coefficients, UE should determine the optimal 
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, and feedback these indices to eNB by UCI carried on PUSCH.
Mapping eigenvector V on the optimal orthogonal base to get
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where E has the dimension of 
[image: image20.wmf]t

N

L

´

, and L is rank of channel. Among the elements of E, only a few samples, i.e. M< 
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 samples, have large amplitude and should be feedback by enhanced uplink channel. 
On the other hand, the rotation matrix 
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 is relevant to angle direction of channel path, which can be estimated and feedback in wideband. In addition, the indices of large samples are related to the direction of channel path, and they should be reported in wideband as well. 
The M samples in E capture the characteristic of frequency selectivity. These selected samples should be derived for each subband and carried on enhanced uplink channel.

Proposal3: For channel coefficient feedback with reduce space, advanced CSI feedback contains 

·  Wideband based: 
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·  Subband based:  
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3.2 Based on Beamformed CSI-RS

The other way to reduce feedback dimension is based on beamformed CSI-RS. LTE Rel-13 defines beamformed CSI-RS, where CSI-RS is precoded by beamforming vectors toward different directions. To increase the CSI resolution, all or partial CSI-RS ports can be combined with proper coefficients. There are two use cases to use channel coefficients feedback for beamformed CSI-RS. 

Case 1: Class B CSI-RS with K>1 resources
Class B CSI-RS with more than one resource is usually used to cover a cell or a group of UEs. To address high resolution CSI, combinations of the channel coefficients on multiple CSI-RS resource should be supported. For instance, Class B CSI-RS are configured with K CSI-RS resources, and there are Nk CSI-RS ports in each CSI-RS resource. UE selects M preferred CSI-RS resources, and reports the channel coefficients on each selected CSI-RS resource. Exemplary, CSI-RS resource 0 and K-1 are the preferred beam directions. Eigenvectors on resource 0 and resource K-1 are 
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 between two CSI-RS resources is reported to facilitates eNB to aggregate two Eigen vector into one precoder, i.e 
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where 
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 are beamformers used for resource0 and resource K-1.The combining coefficients 
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 can be obtained easily if the beamformer on difference CSI-RS resource are orthogonal with each other. In addition, CQI derivation can be simple based on orthogonal beam on each CSI-RS resource.
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Figure1. Advanced CSI reporting for beamformed CSI-RS with K>1 resources
Based on the discussion above, we propose to use orthogonal beam vectors for Class B CSI-RS with K>1 resources.

Proposal4: Orthogonal beam vectors are used for Class B CSI-RS with K>1 resources.
Case 2: Beamformed CSI-RS
The mechanism of CSI reporting for hybrid CSI-RS is applicable for reporting of reduced space channel representation. 
Based on the channel estimates measured on the non-precoded CSI-RS, the optimal orthogonal base can be reported in a wideband and long term manner. The orthogonal base can be recovered based on 
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The indices of selected large samples 
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Beamformed CSI-RS Port1:      
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Beamformed CSI-RS Port2:      
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      Beamformed CSI-RS PortM:      
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Where, 
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Based on the M beamforming weights, the M beamformed CSI-RS ports can be formed. On UE sides, channel 
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 is estimated on beamformed CSI-RS. Eigen value decomposition is performed on channel estimates to get the Eigen vector 
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Each element of 
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 can be feedback to eNB through enhanced uplink control channel. 
Therefore, the beamforming weight for PDSCH transmission can be constructed as
W = 
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where 
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Proposal5: Hybrid CSI feedback can be adopted to enhance CSI feedback for beamformed CSI-RS, where 

·  Wideband indices can be reported based on non-precoded CSI-RS, including

· 
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· Channel coefficients can be reported for each subband based on beamformed CSI-RS.
4 Performance Evaluation
In this section, the performance of codebook enhancement, quantized channel coefficients and unquantized channel coefficients are compared. Performance of Rel-13 codebook is used as baseline. 
For codebook enhancement, 4 beams in Rel-13 CodebookConfig3 W1 are combined by predefined coefficients, where 3 bits co-phasing quantization is used. 
For quantized CSI with reduced space, the orthogonal base has the diagonal block structure, where each block matrix is generated by KP product of two DFT matrices. For feedback of reduced spaced coefficients, amplitude is wideband based and quantized in 2 bits, and phase is subband based and quantized in 3bits for each one. There are total 6 coefficients to be feedback for each subband. 
Unquantized CSI feedback with reduced space is implemented based on our proposal, where M=4 larger samples are reported for each subband. Eigen vector reporting without quantization can be treated as up bound of reduced space unquantized CSI feedback. 
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Figure2. Performance comparison between codebook enhancement, quantized CSI and unquantized CSI
From the simulation we can see. 

Observation 5: Codebook enhancement provides 4% cell average and 7% cell edge gain over R13 codebook.
Observation 6:  Quantized CSI with reduced space provides 10% cell average and 21% cell edge gain over R13 codebook 
Observation 7:  Unquantized CSI with reduced space provides 21% cell average and 38% cell edge gain over R13 codebook 
5 Conclusions
This contribution discusses two advanced CSI categories from implementation and performance perspective. We have the following observations.

Observarion1: Codebook enhancement will lead to a huge number of codebooks. Consequently,

·  It is infeasible for UE to store such amount of codebooks. 

·  It is very complicated to obtain the optimal codebook by exhaustive searching. Other sub-optimal methods will cause performance loss.
Observation2: Compared with codebook enhancement, 

· Uplink channel enhancement to report un-quantized eigenvector consumes less uplink resource.
· Reporting quantized eigenvector has comparable overhead.
Observation3: Channel coefficients feedback in quantized and un-quantized form provides significant gain over codebook enhancement. 

Observation4: Un-quantized eigenvector feedback has 17% and 10% cell average gain over codebook enhancement and quantized channel coefficients, respectively.
Observation 5: Codebook enhancement provides 4% cell average and 7% cell edge gain over R13 codebook.
Observation 6:  Quantized CSI with reduced space provides 10% cell average and 21% cell edge gain over R13 codebook 
Observation 7:  Unquantized CSI with reduced space provides 21% cell average and 38% cell edge gain over R13 codebook 
Therefore, we propose

Proposal1: Specify channel coefficient feedback in Rel14 if down selection has to be made.
To reduce the feedback overhead for non-precoded CSI-RS, we propose
Proposal2:  A set of orthogonal bases are generated based on configurations, which includes
·  Antenna configuration, i.e. N1, N2;

·  Base number configuration, i.e. O
Proposal3: For channel coefficient feedback with reduce space, advanced CSI feedback contains 

·  Wideband based: 
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·  Subband based:  
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For beamformed CSI-RS, we propose
Proposal4: Orthogonal beam vectors are used for Class B CSI-RS with K>1 resources.

Proposal5: Hybrid CSI feedback can be adopted to enhance CSI feedback for beamformed CSI-RS, where 

·  Wideband indices can be reported based on non-precoded CSI-RS, including

· 
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· Channel coefficients can be reported for each subband based on beamformed CSI-RS.
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Appendix
Simulation assumption
	Parameter
	Value

	Scenario
	UMa with 500 ISD and 2GHz

	Antenna 
configuration
	16 antenna, X-polarized: 45/-45 degrees, N1=4, N2=2

	
	2 Rx at UE with 
[image: image63.wmf]0.5

l

spacing
X-polarized: 0/+90 degrees

	
	3D antenna pattern defined in TR36.897

	UE 
configurations

	Speed: 3km/h

	
	UE attachment: Based on RSRP from CRS port 0

	
	UE distribution: 80% indoor and 20% outdoor only distributed on floor

	SRS configuraton
	2Tx at UE with
[image: image64.wmf]0.5

l

spacing
X-polarized: 0/+90 degrees

	System 
Bandwidth
	10MHz (50RBs)

	Scheduler
	PF

	Number of UEs per cell
	10

	traffic model
	Burst buffer with 70% RU 

	Transmit Mode
	TM10 with a single CSI process

	
	Max paired UE number: 2

	Receiver
	Non-Ideal channel estimation

	
	Non-Ideal interference modeling

	
	MMSE-IRC receiver

	Hybrid ARQ
	Maximum 4 transmissions

	Feedback 
	PUSCH 3-2 

	
	CQI and PMI reporting triggered per 5ms 

	
	Feedback delay is 5ms

	Overhead
	3 symbols for DL CCHs, 2 CRS ports and DM-RS with 12 REs per PRB

	Handover margin
	3dB
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