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1 Introduction
MU-MIMO with non-codebook based precoding and DM-RS is a key feature of LTE-Advanced to improve system capacity as observed during the self-evaluations for ITU submissions. It enables the use of more advanced transmit filtering at the eNB and more advanced feedback mechanisms at the UE side. It significantly departs from the Rel. 8 codebook based precoding approach using CRS. While the exact eNB transmit filter design may be an implementation issue, an appropriate feedback mechanism has to be specified in order to fully benefit from the use of non-codebook based precoding.

The following was observed in the chairman’s notes of Jeju (#59) meeting: 

“Techniques based on Rel-8 CQI/PMI feedback extension to focus on and try to narrow down:

· PMI extensions:

· Multiple PMIs, e.g. addition of best companion, worst companion

· Feedback to accompany PMI e.g. long-term tx covariance

· Codebook enhancements:

· Adaptive / downloadable, based on e.g. antenna configuration, propagation environment

· differential codebook structures

· SRS-based enhancements

· CQI: modified CQI definitions (as addition to Rel-8 definition)

“.

In this contribution, we address the pros and cons of the PMI extensions and codebook enhancements techniques mentioned in the previous observation. We compare qualitatively various proposals from different companies and provide simulation results to justify the benefits of codebook-based feedback enhancements for Rel. 8 PMI feedback based on adaptive codebooks.
2 PMI extensions and codebook enhancements
It is well known that the benefits of MU-MIMO highly relies on an accurate channel knowledge at the transmitter. Contrary to SU-MIMO, limited feedback in MU-MIMO considerably limits the spatial multiplexing gain by inducing a ceiling effect due to the quantization error. In other words, as SNR increases, MU-MIMO becomes interference limited due to the intra cell interference induced by the quantization error. 


MU-MIMO is very sensitive to the quantization error and to the codebook design. Moreover an appropriate codebook design significantly depends on the channel statistics. This calls for the use of flexible and adaptable feedback schemes (that would change depending on the user spatial correlation, deployment scenarios, environments, etc) when MU-MIMO with limited feedback is performed. Up to now, Rel. 8 assumes that a single and fixed codebook is stored at the UE and the eNB.
The following proposals have been submitted during the last few meetings with the same objective of adapting the CSI feedback to improve its accuracies and to support SU/MU-MIMO in a wide range of scenarios: 
· multiple codebooks (ALU  [1])
· implicit downloadable codebooks (ALU [1,2])

· explicit downloadable codebooks (ALU [1,2], Qualcomm [3])
· cell specific precoded CSI-RS (TI [4])

· adaptive codebook consisting in the feedback of some wideband and long-term transmit covariance matrix that enables to update the codebook as a function of the long-term statistics (Huawei [5], Samsung [6])
· feedback of correlation matrix (ALU [7], CATT [8]) 

Those proposals have been classified in the last meeting observations as part of PMI extensions (Feedback to accompany PMI e.g. long-term tx covariance) and/or codebook enhancements techniques (Adaptive / downloadable, based on e.g. antenna configuration, propagation environment). In the following tables we compare qualitatively those 6 proposals in terms of principle, feedback information, adaptability, measurement enabling adaptability, UE complexity, UE storage and memory requirements, downlink and uplink signalling overhead, standardization aspects, impact on codebook subset restriction and impact on testing.
	　
	multiple codebooks
	implicit downloadable codebooks
	explicit downloadable codebooks

	Objective
	adapt the CSI feedback to support SU/MU-MIMO in a wide range of scenarios 

	Principle
	predefined set of codebooks known at UE and eNB
	Codebook matrices can be derived according to a model that is known to the UE. Only the model parameters need to be transferred.
	All matrices with all their complex coefficients are transferred from the eNB to the UE

	Feedback information
	PMI in a given codebook (on PUCCH or PUSCH)
	PMI (on PUCCH or PUSCH)
	PMI (on PUCCH or PUSCH)

	Adaptability
	* allow the CSI feedback codebook to be changed semi-statically. Adaptability limited by the number of codebooks standardized
* Very slow adaptability (decision mainly function of fixed parameters like antenna spacing and polarizations)
* Performance benefits unclear due to slow adaptability (UEs in a given cell may see different spatial correlation level)
* unclear how to cope with uncalibrated antennas
	* some flexibility in defining the codebook matrices is lost depending on the model used to derive the codebook.
* unclear how to cope with uncalibrated antennas
	* A lot of flexibility if the eNB can choose accurately the most appropriate codebook for a given UE.
* unclear how to cope with uncalibrated antennas

	measurement enabling adaptability
	* unclear how to select accurately the best codebooks for a given UE.
* UE recommendation or eNB only decision ? 
* eNB could rely on long term reciprocity of the correlation matrix, antenna spacing, antenna deployment (dual-pol/single-pol)
	* unclear how the model is function of the UE channel statistics
	* unclear how to select accurately the best codebooks for a given UE.
* eNB could rely on long term reciprocity of the correlation matrix, antenna spacing, antenna deployment (dual-pol/single-pol)

	UE complexity 
	same as Rel. 8
	Some processing is needed in the UE to derive the actual codebook from the parameters
	* most flexibility and requires very little processing in the UE
* same as Rel. 8 once codebook is downloaded

	UE storage and memory requirement
	non-negligible storage requirement of multiple codebooks
	store the codebook once designed based on the model
	store the downloaded codebook on top of Rel. 8 codebooks

	Downlink signaling overhead
	* Only a selection parameter is transferred via air interface. 
* optimal with respect to the amount of information to be transferred
	* overhead reduced compared to explicit downloadable codebook
	* huge overhead if tight codebook adaptation required
* overhead unsupportable in  CoMP

	Uplink signaling overhead
	similar overhead as Rel. 8
	similar overhead as Rel. 8
	similar overhead as Rel. 8

	standardization aspects
	need to define multiple codebooks and corresponding DL signaling
	need to define the model and the corresponding DL signaling
	need to define the DL signaling

	impact on codebook subset restriction
	eNB has to indicate the restricted subset for the base codebook currently in use by the UE.
	eNB has to indicate the restricted subset for the downloaded codebook currently in use by the UE.

	impact on testing
	testing of whether each individual codebook is better than a given threshold. Similar to Rel. 8 testing but has to be repeated for each codebook.
	testing of whether implicitly downloadable codebook has higher performance than Rel. 8 codebook
	testing of whether explicitly downloadable codebook has higher performance than Rel. 8 codebook


	　
	cell specific precoded CSI-RS
	adaptive codebook
	feedback of correlation matrix

	Objective
	adapt the CSI feedback to support SU/MU-MIMO in a wide range of scenarios 

	Principle
	precode the CSI-RS based on eNB correlation matrix. Assume that eNB correlation matrix is the same across different UEs and depend solely on the eNB antenna configuration 
	Transform the codebook as a function of the eNB spatial correlation matrix
	PMI and eNB spatial correlation matrix feedback. No transformation at the UE

	Feedback information
	PMI only. Rely on long term reciprocity
	* 1st option: long term spatial correlation matrix (on PUSCH) and transformed PMI (on PUCCH or PUSCH)
* 2nd option: transformed PMI only (on PUCCH or PUSCH). Rely on long term reciprocity.
	* 1st option: long term spatial correlation matrix (on PUSCH) and PMI (on PUCCH or PUSCH)
* 2nd option: PMI only (on PUCCH or PUSCH). Rely on long term reciprocity.

	Adaptability
	* Adaptability is lost since CSI-RS precoding is the same  for all UEs in the cell.
* If such technique is indeed valid, it would prove that MU-MIMO in highly correlated channels would provide no benefits as all UEs would be scheduled on the same beam
* Such precoding would make the performance of any designed codebook worse in some scenarios since the codebook would not fit the scenario it has been originally targeted for
	* a lot of flexibility and fast codebook adaptation that depends on the long term correlation matrix feedback period
* Universal solution for any correlation scenario
* No additional codebook and codebook switch are needed
* cope partially with uncalibrated antennas
* unclear how well a unique transformation can tackle many different scenarios (e.g. single-polarized and dual-polarized)
	* flexibility and fast codebook adapation lost since PMI is selected without considering the tranformation
* May work in some specific situation like very highly spatially correlated channels. In such case PMI feedback would also be useless

* No additional codebook and codebook switch are needed
* cope partially with uncalibrated antennas


	measurement enabling adaptability
	* long term reciprocity
	* 1st option: 
measurement at the UE of eNB correlation matrix, quantize, transformed PMI and feedback correlation matrix and transformed PMI
* 2nd option: 
UE transformed PMI feedback decision based on eNB correlation matrix measurement on DL and eNB transformation based on eNB correlation matrix on UL and long term reciprocity
* quantization and error on feedback of correlation matrix impacts performance 
	* 1st option: 
measurement at the UE of eNB correlation matrix, quantize and feedback correlation matrix and PMI
* 2nd option: 
eNB transformation based on eNB correlation matrix on UL and long term reciprocity
* quantization and error on feedback of correlation matrix impacts performance 

	Backward compatible
	Backward compatible
	* Backward compatible. Codebook indexing is the same as Rel. 8 codebook. 
	* Backward compatible. Codebook indexing is the same as Rel. 8 codebook. 

	UE complexity 
	same as Rel. 8
	* measure of correlation matrix
* compute transformed codebook
	* measure of correlation matrix

	UE storage and memory requirement
	same as Rel. 8
	may have to store the transformed codebook and Rel. 8 codebook
	same as Rel. 8

	Downlink signaling overhead
	same as Rel. 8
	* need of DL signaling to request adaptive codebook feedback
* possible need of confirming the correct use of the transfomration method and the correlation matrix in case eNB doesn't follow UE recommendation
	request of feedback correlation matrix

	Uplink signaling overhead
	same as Rel. 8
	similar overhead as Rel. 8 for transformed PMI. Slightly higher total overhead for the feedback of the long term/wideband correlation matrix. Negligible though since it is done over wideband and long term.
	similar overhead as Rel. 8 for transformed PMI. Slightly higher total overhead for the feedback of the long term/wideband correlation matrix. Negligible though since it is done over wideband and long term.

	standardization aspects
	no impact on standard. Implementation issue
	* 1st option: 
- need to define the transformation method
- need to define the quantization method for the long term correlation matrix
- need of DL/UL signaling to initiate/request the adaptive codebook 
* 2nd option: 
- need to define the transformation method
- need of DL/UL signaling to initiate/request the adaptive codebook 
	* 1st option: 
- need to define the quantization method for the long term correlation matrix
- need of DL/UL signaling to initiate/request the correlation matrix feedback 
* 2nd option: 
- no impact 

	impact on codebook subset restriction
	same as Rel. 8
	indicate the restricted subset only for Rel. 8 codebook and rely on the UE that it will not feedback a transformed PMI that is too close from a restricted PMI in the Rel. 8 codebook
	same as Rel. 8

	Impact on testing
	no impact
	* testing of feedback of correlation matrix
* testing of whether transformed Rel. 8 codebook has higher performance  than Rel. 8 codebook
	testing of feedback of correlation matrix


In summary, adaptive codebook provides a technique that
· adapts the codebook to many deployment scenarios and any spatial correlation structure using a simple and universal transformation method. Other techniques like downloadable codebooks, multiple codebooks are not universal as their design is scenario dependent and the selection of the appropriate codebooks given the UE propagation conditions is unclear
· keeps low DL and UL overhead comparable to Rel. 8 codebook (long term covariance matrix incurs very low overhead once feedback every tens of ms). Other techniques, e.g. downloadable codebooks, provide much larger overhead to keep the same flexibility.
· provides significant performance gain (due to reduced quantization error)

· partially copes with uncalibrated antennas scenarios (potentially met in realistic scenarios) contrary to downloadable codebooks and multiple codebooks.
· is user dependent contrary to cell specific precoded CSI-RS proposal
· can be applied to any codebook (and in particular to LTE codebook). Hence it doesn’t require any codebook switching or standardization of multiple codebooks.
· Requires some reasonable UE complexity increase to transform the codebook as a function of the long term covariance matrix
3 Performance Evaluation of adaptive codebooks
Simulations assumptions are detailed in table 1. We perform ZFBF-based MU-MIMO based on implicit feedback using LTE rank 1 CQI calculation. Performance is evaluated in correlated channels (0.5 lambda spacing and 8 degrees angle spread), uncorrelated channels (4 lambda spacing and 15 degrees angle spread) and split antenna arrays configurations (i.e., ||    || with 4 lambda spacing between pairs of antenna and 0.5 lambda within one pair of antenna and 8 degrees angle spread) with various feedback strategies (perfect CSI, adaptive codebooks [6], Rel. 8 4bit codebook and feedback of the dominant eigenvector of long term covariance matrix). The UE feeds back a single rank-1 PMI chosen from e.g. LTE codebook. In the case of perfect CSI feedback, this PMI is not quantized by LTE codebook but corresponds to the dominant eigenvector of the subband covariance matrix.
Correlated channels
	ZFBF MU-MIMO
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Perfect CSI with LTE CQI
	3.9996 (26.6%)
	0.1119 (9%)

	LTE codebook with LTE CQI
	3.1606
	0.1026

	6-bit codebook with LTE CQI
	3.5825 (13.3%)
	0.1034 (0.8%)

	Adaptive codebook with LTE CQI
(480 ms feedback periodicity)
	3.8327 (21.3%)
	0.1111 (8.3%)

	Dominant eigenvector of long term covariance matrix
	3.7015 (17.1%)
	0.0965 (-5.95%)

	Adaptive codebook with Unitary Precoding CQI [9]
(480 ms feedback periodicity)
	3.9718 (25.7%)
	0.1148 (11.9%)


* between brackets we indicate the relative gain w.r.t to LTE codebook with LTE CQI
	CL SU-MIMO
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Perfect CSI 
	2.6372 (5.4%)
	0.1127 (4.1%)

	LTE codebook 
	2.5025
	0.1083

	Adaptive codebook (rank-1 only)  (480 ms feedback periodicity)
	2.5139 (0.5%)
	0.1131 (4.4%)


The adaptive codebook is shown to achieve almost the same performance as perfect CSI. The gain over Rel. 8 4bit codebook is very significant while incurring a negligible overhead increase due to the feedback of the long term correlation matrix (e.g. every 480 ms as in those simulations). Adaptive codebook provides additional performance gain over the dominant eigenvector of the long term covariance matrix as it further decreases the quantization error. 
Uncorrelated channels
	ZFBF MU-MIMO with MAX 4 LAYERS
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Perfect CSI with LTE CQI
	2.6552 (45.6%)
	0.081 (22.8%)

	LTE codebook with LTE CQI
	1.8239
	0.066

	Adaptive codebook with LTE CQI (feedback every 480 ms)
	1.8614 (2.1%)
	0.0671 (1.7%)

	Adaptive codebook with LTE CQI (feedback every 60 ms)
	2.0358 (11.62%)
	0.0756 (14.55%)


Even though the primary target scenario of adaptive codebooks is in correlated channels, the adaptive codebook is shown to be beneficial in uncorrelated channels as well when we can decrease the feedback period of the long term covariance matrix. 
Split antenna array (||   ||)
	ZFBF MU-MIMO
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Perfect CSI with LTE CQI
	3.3502 (50.6%)
	0.1002 (22.6%)

	LTE codebook with LTE CQI
	2.224
	0.0817

	Adaptive codebook with LTE CQI (480 ms feedback periodicity)
	2.8884 (29.9%)
	0.0936 (14.6%)

	Dominant eigenvector of long term covariance matrix
	2.6044 (17.1%)
	0.0779 (-4.65%)


	CL SU-MIMO
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	Perfect CSI 
	2.7737 (5.1%)
	0.0986 (10.7%)

	LTE codebook 
	2.6399
	0.0891

	Adaptive codebook (rank-1 only)  (480 ms feedback periodicity)
	2.6775 (1.42%)
	0.097 (8.9%)


In split antenna arrays, the adaptive codebook provides significant gains over LTE codebook when used in MU-MIMO. It also significantly outperforms the case where ZFBF is designed based on the dominant eigenvector of the long term covariance matrix. 

In SU-MIMO, the gain provided by adaptive codebooks is smaller than in MU-MIMO but enables nevertheless to come closer to the perfect CSI performance.  
	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 MU-MIMO ZFBF with rank adaptation with up to 4 layers and 1 layer per UE

	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain

	Downlink link adaptation

	CQI and PMI 5ms feedback period

	
	1 PMI and 1 CQI feedback per subband (=4 consecutive RBs)

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

	
	CQI measurement error: None

	
	PMI feedback error: 0% 

	
	MCSs based on LTE transport formats [36.213]

	
	Unquantized CQI

	codebook

　
	Rel. 8 4 bit

	
	Adaptive codebook applied to rank-1 Rel. 8 codebook (unquantized feedback of long term correlation matrix every 480 ms)

	Allocation
	localized

	Total number of RB in one subframe
	52

	scheduling unit
	1 subband=4 consecutive RBs

	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 and DM-RS of the 8 dominant interferers

	Data Channel Estimation
	Perfect channel estimation on CSI RS and DM RS

	PAPR
	No constraint on per-antenna power imbalance 

	Antenna configuration
	Vertically polarized antennas

	
	0.5 wavelength separation at UE

	
	Correlated channel: 0.5 wavelength separation  at basestation (uniform linear array)

Uncorrelated channel: 4 wavelength separation  at basestation (uniform linear array)

	
	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

	
	Overhead of CSI RS: 4 sets of CSI RS every 5 ms and 2RE/port/RB (This is, 4 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 high spread for 3GPP case 1, 3km/h

	
	Correlated channel: 8 degrees angle spread

Uncorrelated channel: 15 degrees angle spread

	Link error prediction technique
	MIESM (RBIR)

	Intercell interference modeling
	rank 4 transmission in interfering cells for MU-MIMO
rank 1 transmission in interfering cells for SU-MIMO

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


Table 1. System Level Simulation assumptions
4 Conclusions
This contribution compares several techniques proposed to adapt the CSI feedback to support SU/MU-MIMO in a wide range of scenarios. Adaptive codebook is found to be an appropriate candidate to significantly improve the performance of MU-MIMO in Rel. 10 compared to Rel. 8 while keeping a reasonable feedback overhead and complexity. In particular, adaptive codebook 

· adapts the codebook to any spatial correlation structure using a simple and universal transformation method. 

· keeps low DL and UL overhead comparable to Rel. 8 codebook (long term covariance matrix incurs very low overhead once feedback every tens of ms). 

· provides significant performance gain over LTE codebook of about 20-30% for cell average and 10-15% for cell edge in MU-MIMO.
· partially copes with uncalibrated antennas scenarios 

· is user dependent 

· can be applied to any codebook
· Requires some reasonable UE complexity increase to transform the codebook 
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