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Introduction
In RAN#51 meeting, a Study Item about DL MIMO enhancement for LTE-Advanced [1] was approved. The study item primarily targets the evaluation of issues from real-life network deployments of MIMO, the identification of any need for DL MIMO enhancement and CSI feedback considering non-uniform network deployment, and the evaluation of DL control channel enhancements. A recap of the study item is as follows:

· Identify the need for DL MIMO enhancements, and evaluate such enhancements, applicable to non-uniform network deployments, low-power nodes (including indoor), relay backhaul scenarios, and practical antenna configurations (especially 4 tx, and including geographically-separated antennas i.e. macro-node with low-power RRHs), including:

· Evaluate UE CSI feedback enhancements, including:

· Identify and evaluate techniques for CSI feedback accuracy enhancement, especially for MU-MIMO.
· New codebooks or techniques for codebook selection, modification or update may be included, considering different environments and deployment scenarios.

· Assess the standardisation impact of the studied techniques, including impact on CSI payload sizes. If relevant feedback proposals are not directly implicit in nature, the study of testing aspects should be included. 

Release 10 downlink MIMO has been enhanced with the introduction of CSI-RS, SU-MIMO transmission up to 8 layers, and dynamic SU-MU MIMO switching. In addition, a new CSI feedback mechanism was introduced solely for the 8-tx antenna case. However, in many deployment scenarios, it is highly likely that less than 8 tx antennas will be employed. Therefore, it is important to focus on such eNB antenna configurations with less than 8 antennas with the highest priority. This contribution focuses on the CSI feedback enhancement applicable for less than 8 antennas.
Overview of some CSI feedback enhancements proposed in Rel. 10

There have been many CSI feedback enhancement proposals in Rel. 10, which can mainly be classified into 2 categories: one targeting multi-component feedback and the other targeting PMI accuracy enhancement. 

1.1 Multi-component feedback
Multiple components report has drawn attention in LTE-A for its benefits to enhance the dynamic switching between SU and MU-MIMO. In [2], it is shown that the indication of the expected total number of layers to a user together with a suggested rank can substantially reduce the CQI mismatch as the UE can partially account for inter-layer interference at the time of CQI report. In [3], similar observations were drawn. Additional best companion feedback seems to mitigate CQI mismatch and to provide reasonable performance gain considering additional feedback overhead. On top of the best companion feedback, it was observed that reference rank indication and large codebook size can provide reasonable additional performance gain. A UE can calculate its CQI level based on reference rank assumption. By adopting this information, the co-channel interference can be taken into account for CQI estimation and inter-cell interference as well. 

Best-companion PMI/CQI feedback can be used to provide enhanced feedback support for MU-MIMO. Essentially, the best-companion PMI tells the eNB about the null-space of the particular UE and this information could be used in generating MU-MIMO precoding at the eNB. For a given number of interfering layers, the best companion CQI(s) accounts for the inter-user interference assuming that the best companion PMI(s) are used as the precoders for the interfering layers/users. In [4-5], a low-complexity feedback and pairing scheme based on pre-assigned companion codeword was described. A pre-assigned companion codeword is motivated by the fact that Rel. 8 rank-1 codebook is made of orthogonal vectors. It was shown that orthogonal codewords have a much larger chance to be selected as a best companion. Hence, a UE would compute one or a set of best companion CQI based on the pre-assigned companion sets and would not the report the best companion PMI. 
In [6], similar observations as those in [4-5] were made. A delta-CQI would be reported for all potential pairing entries of a codebook. However, in order to arrive at a realistic feedback rate, the subset of companion PMIs for which delta-CQI is reported for each PMI should be kept small – i.e. just the indices which offer the highest probability to provide a good pairing combination. Those set of fixed companions per PMI could be pre-computed and tabulated. If the set of fixed companions per PMI depends only on the codebook, it could simply be specified and shared between the UE and the eNodeB. 
In [7-8, 10], time multiplexing of rank restricted and rank non-restricted feedback was described. In rank restricted feedback, the UE is constrained to report feedback information but with a constraint on the maximum reported rank. In this way, the network will be able to obtain higher resolution feedback of the principal channel directions. For example, both rank 1 and rank 2 PMI/CQI/RI feedback could be used to generate precoding information and MU-CQI predication at the network side for potential MU-MIMO operation. Time multiplexing of a SU-MIMO component without rank restriction and another component with rank restriction (in order to improve MU-MIMO performance) can be performed in order to accommodate both components reports. The gain achieved by such techniques mainly come from a better scheduling flexibility at the eNB and a better MU-CQI prediction. Furthermore, the additional overhead of the feedback can be minimal. Here is an example of time-multiplexing of two components.
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Figure 1. Multiple PMI/CQI/RI Based Feedback
In the above figure, the feedback overhead is the same as Rel-10 SU-MIMO feedback. M is used to tradeoff the feedback accuracies between the two feedback components.
1.2 PMI accuracy
To support efficient MU-MIMO and/or dynamic switching between SU/MU-MIMO, an improved quantization accuracy for CSI feedback is required. To obtain higher resolution feedback of the principal channel direction, a straightforward way would be to increase the codebook size. However, the drawback is that feedback overhead becomes significantly increased. Therefore, many contributions were proposed to utilize the space/time/frequency domain channel characteristics which provide performance benefits with a reasonable feedback overhead increase.
In [11-12], adaptive codebook was described. Adaptive codebook can be obtained by transforming dynamically a baseline codebook by using the spatial correlation matrix. The adaptation can be done as a function of the spatial correlation matrix, and an effect similar to long-term eigen-beamforming can be obtained. In [13], multi-granular feedback uses two kinds of codebook: one for the long-term and another for the short-term channel information. The multi-granular feedback compresses the channel using the long-term codebook in a lower dimension, whose variation is tracked using the short-term codebook. Differential feedback [14-15] performs successive refinements of quantization by utilizing spatial correlations in the time/frequency domains. When the channel does not change dramatically in the time/frequency domain, differential codebook can provide finer granularity of quantization by feeding back the differential information. 
Multiple description coding was described in [16-17]. The general idea of multiple description coding consists of using multiple code descriptions to improve the accuracy of the source representation at the receiver. The pre-defined multiple sets of codebook represent the different channel statistics such as spatial correlations. Once a codebook set is selected according to the current statistics of the channel on a long-term basis, different codebooks in the chosen set are used at consecutive feedback time instances in a round-robin manner. At the eNB, any single feedback information alone can be used without quantization error reduction or multiple feedback information can be combined to improve the CSI feedback accuracy. 

The aforementioned CSI enhancement techniques were proposed individually in the last meetings. This contribution evaluates the potential benefits of combining feedback codebook enhancement (double codebook structure) and multiple components feedback (rank restricted feedback and best companion CQI). 
SLS performance evaluations
We evaluate the performance obtained by combining

· The  double codebook structure for 4Tx feedback enhancement relying on W2W1 structure proposed in RAN1#52 meeting [18-20]:

· W1 chosen in rank-1/2 Rel. 8 codebook and targeting wideband/long term information

· W2 designed to provide additional refinement of the PMI at the subband/short level for both ULA and dual-pol antenna configurations.
· Enhanced PUSCH 3-1 as proposed in [21] targets a CQI enhancement mode relying on MU CQI and rank restricted feedback whose benefits are to enhance the dynamic switching between SU and MU MIMO: 

· In addition to Rel-8 Mode 3-1 feedback, UE can be configured via higher layer signalling to report:
· If RI>1 
· a wideband PMI (W) calculated assuming restricted rank=1;

· per subband CQI targeting MU-MIMO operation;
· If RI=1 
· per subband CQI targeting MU-MIMO operation;
· MU-MIMO CQI is computed assuming the interfering PMIs are orthogonal to the SU-MIMO rank 1 PMI

· non-uniform power allocation among the 4 layers
We investigate the performance impact of enhancements such as CQI/PMI, rank restricted feedback, and double codebook structure in dynamic SU/MIMO switching. The obtained results are consequently compared with MU-MIMO based on ZFBF with one layer per UE. The simulations are based on the way forward [20] and [21]. We assume in these evaluations that the number of co-scheduled layers assumed at the time of CQI computation is equal to the number of transmit antennas, i.e. 4. 
Simulation assumptions are detailed in Table 2. Performance evaluation of dynamic SU/MU MIMO switching in correlated (0.5 lambda spacing and 15 degrees angle spread) channels with Rel. 8 4bit codebook and double codebook are displayed.

Table 1. 4x2 closely spaced dual-polarized (DP XX->X channels, 0.5λ antenna spacing, 15º angle spread).
	Codebook type 
	Single CB 
	Double CB 

	PUSCH3-1, Max 2 co-scheduled layers
	Cell Avg 
	Cell edge 
	Cell Avg 
	Cell edge 

	SU/MU-MIMO dynamic switching based on Rel-10 SU-MIMO report
	2.7598 (0%) 
	0.0898 (0%) 
	2.9049 (5.26%) 
	0.0957 (6.57%) 

	SU/MU-MIMO dynamic switching based on enhancement CQI/PMI
	2.7116 (-1.74%) 
	0.0996 (10.91%) 
	2.874 (4.14%) 
	0.1043 (16.15%) 


Observations: 

· The double codebook structure provides around 5% gain over Rel-8 type single codebook.

· The dynamic switching between SU/MU-MIMO with enhancement CQI/PMI provides around 10% gain in cell-edge spectrum efficiency over MU-MIMO based on rank-1 SU-MIMO report.

· The performance gain is particularly significant when we combine an enhancement CQI/PMI, rank restricted feedback and double codebook structure. It can be achieve 4% gain in cell average and 16% gain in cell-edge spectrum efficiency over SU/MU-MIMO dynamic switching based on Rel-10 SU-MIMO report. 

Conclusions
In this contribution, we briefly reviewed CSI feedback enhancement proposals made in Rel. 10 and investigated the performance achievable by combining several of these proposals.
The following observations were made

· CSI feedback should be enhanced in Rel. 11

· A simple combination of a double codebook structure and multi-component report provides non-negligible gains over Rel. 10 of about 4% and 16% in terms of cell average and cell edge throughput, respectively.

· Further investigations are required to identify appropriate feedback enhancement mechanisms for Rel. 11
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Appendix: Simulation assumptions
Table 2 System Level Simulation assumptions
	Parameter
	Value

	General
	Parameters and assumptions not explicitly stated here according to 3GPP specifications

	Duplex method
	FDD

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Users per sector
	10

	Handover margin
	1dB

	Downlink transmission scheme
	4x2 SU/MU-MIMO/multi-layer MU-MIMO based on SU-MIMO RI/PMI/CQI report / MU-MIMO CQI/PMI enhancement

	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain. Exhaustive search is performed with the MU-MIMO PF metric obtained as the sum of the PF metric of the co-scheduled UEs.

	Downlink link adaptation


	CQI and PMI 5ms feedback period

	
	6RB frequency granularity of PMI/CQI

	
	6ms delay total (measurement in subframe n is used in subframe n+6)

	
	PMI feedback error: 10% on the PUCCH for W2 report. 0% on the PUCCH for RI and W1 report. 0% on the PUSCH. 

	
	MCSs based on LTE transport formats [36.213]

	
	4-bit Quantized CQI per CW

	codebook
	Rel. 8 4 bit 4Tx codebook, additional 3 bits for double codebook structure

	Allocation
	localized

	Total number of RB in one subframe
	54

	scheduling unit
	1 subband = 6 consecutive RBs depending on the reporting mode

	Downlink HARQ
	Maximum 3 re-transmissions,

	
	Chase combining, non-adaptive, synchronous.

	
	no error on ACK/NACK

	
	8 ms delay between re-transmissions

	Downlink receiver type
	MMSE based on DM RS of serving cell 

	Data Channel Estimation
	Non-ideal channel estimation on CSI RS and DM RS. MSE vs. CINR curves based on LLS provided as an input to SLS.

	PAPR
	No constraint on per-antenna power imbalance 

	Antenna configuration
	eNB: 

Cross-polarized: +/- 45 degrees

	
	UE:

0.5 wavelength separation

VH polarized

	
	0.5 wavelength separation at eNB 

	
	ideal antenna calibration

	Control Channel overhead, Acknowledgements etc.
	LTE: L=3 symbols for DL CCHs

	
	Overhead of DM RS: RANK 1,2: 12 REs/RB/subframe, RANK 3,4: 24 REs/RB/subframe

	
	Overhead of CSI RS: 4/8 sets of CSI RS every 5 ms and 1RE/port/RB (This is, in 4 Tx antenna case, 4 REs/RB per 5ms and in 8 Tx antenna case, 8 REs/RB per 5ms)

	
	Overhead of 2-ports CRS

	BS antenna downtilt
	Case 1 3GPP 3D: 15 deg

	Feeder loss
	0dB

	Channel model
	SCM urban macro low spread for 3GPP case 1, 3km/h

	Link error prediction technique
	MIESM (RBIR)

	
	Non-ideal link adaptation (i.e. non-ideal CQI). Outer-loop control based on ACK/NACK report.

	Intercell interference modeling
	rank 2 transmission in interfering cells

	
	CQI calculated based on MMSE receiver assuming identity covariance matrix for the interferers
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