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1. Introduction

In the recent discussions in RAN1 on MIMO feedback, several companies (e.g. [1], [2]) show that reducing quantization error improves MIMO performance. In addition, the gain of more accurate feedback is more obvious in MU-MIMO and CoMP than SU-MIMO. When multiuser zero forcing beamforming (MUZF) is used at the eNodeB for sending multiple streams to multiple UEs simultaneously, a more accurate CSI feedback brings in multi-fold benefits such as improved UE grouping, more accurate nulling of inter-user interference, higher beamforming gain, and more accurate CQI estimation. 
The way forward from RAN1 60 for MIMO feedback is as follows [3]:

· Implicit feedback (PMI/RI/CQI) is used also for Rel-10

· UE spatial feedback for a subband represents a precoder (as constructed below) 

· CQI computed based on the assumption that eNodeB uses a specific precoder (or precoders), as given by the feedback, on each subband within the CQI reference resource

· Note that a subband can correspond to the whole system bandwidth

· A precoder for a subband is composed of two matrices 

· The precoder structure is applied to all Tx antenna array configurations

· Each of the two matrices belong to a separate codebook

· The codebooks are for further study

· The codebooks are known (or synchronized) at both the eNodeB and UE

· Codebooks may or may not change/vary over time and/or different subbands 

· That is, two codebook indices together determine the precoder 

· One of the two matrices targets wideband and/or long-term channel properties 

· The other matrix targets frequency-selective and/or short-term channel properties

· Note that a matrix codebook in this context should be interpreted as a finite enumerated set of matrices that for each RB is known to both UE and eNodeB.

· Note that Rel-8 precoder feedback can be deemed as a special case of this structure

This contribution reviews and evaluates methods proposed by different companies for improving the accuracy of spatial feedback.
2. Adaptive feedback
In real deployment, there are various propagation environments and antenna configurations at eNodeB, such as ULA, split antenna array, cross polarized antenna, large antenna spacing, and small antenna spacing. It is impossible to have a constant codebook optimized for all of the configurations. Thus, different codebooks might be needed for different deployment scenarios, respectively. Some ideas have been proposed to adapt the codebook to specific deployment scenarios. For example, a downloadable codebook was proposed in [6] and the codebook adaptation is conducted semi-statically using either implicit parameterization or explicit element-wise download. Adaptive codebooks were proposed in [4], [5]. In these schemes the quantization codebook adaptively changes according the channel covariance matrix. Figure 1 illustrates how the codewords of the adaptive codebook center around the preferred beamforming direction, which is the principal eigen-mode of the long term covariance matrix. The codebook adaptation can be written as:
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 can be viewed as description of wideband and long-term channel spatial properties and 
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 can be viewed as description of narrowband and short-term channel properties.
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Figure 1. Codeword distribution of adaptive codebook.
3. Differential feedback
Instead of adaptively changing the codebook, differential feedback takes a different approach for enhancing the feedback accuracy. The differential feedback exploits the correlation between precoding matrixes adjacent in time or frequen​cies. It only feeds back the difference between the current and the previous beamforming matrixes. If the channel variation between two feedbacks is small, quantization codewords can be concentrated in a small region on Grassmannian manifold not distributed all over the whole beamforming space. For low speed UEs, the differential feedback could improve the feedback accuracy without increasing the number of feedback bits. 
The feedback starts initially and restarts periodically by sending a one-shot feedback that fully depicts the precoder by itself. Differential feedbacks follow the start and restart feedbacks. The start and restart feedbacks employ a codebook that is self-contained, e.g. the Rel. 8 codebook. Figure 2 illustrates how differential feedback works over time.
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Figure 2. Differential feedback.
One example of differential feedback is given in [2], which is called transformation-based differential codebook. Denote the feedback index, the corresponding feedback matrix, and the corresponding precoder by 
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  matrix computed from the previous precoder  is the number of transmit antennas. The dimension of the fed back matrix 
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 , where   is the number of spatial streams.  
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 can be viewed as description of narrowband and short term channel properties which is specific for specific subband and subframe.

4. Multi-description codebook
[8] gives some detailed description of multi-description codebook. The major idea is to utilize multiple codebooks to quantize the same low-varying CSI in a time multiplexing manner. The UE will perform PMI/CQI/RI calculation similarly as Rel-8. At the eNB side, multiple PMI reports are combined to create one more accurate CSI. Assuming the CSI is changing sufficiently slowly within the reporting time of multiple reports and residual quantization errors from multiple codebooks are independent, the combining operation at eNB will essentially average the quantization errors of multiple reports without biasing the CSI itself. 
The fundamental motivation for multi-description codebook is similarly as that of differential feedback in which the channel correlation in time is utilized to reduce the quantization error without increasing the feedback bit length. However, there are several noticeable differences:
a) The combining performance at eNB is sensitive to Doppler speed. In order to have a robust performance when the Doppler speed is changing fast over time, eNB needs to implement an accurate Doppler estimator and adjust the combining parameters accordingly.

b) In case the speed is high, eNB will fall back to conventional mode in which it only utilize the most recent CQI/PMI/RI report to do beamforming to UE. And there is no gain compared with Rel-8 in this case.

c) Besides the CSI combining, the CQI combining method at eNB is not clear. Thus it is questionable whether MDC can be really UE-transparent or CQI combining can be performed at UE side which knows the best of the channel condition. In the latter case, MDC becomes not fully UE-transparent.
5. Hierarchical codebooks
[9] gives the principle and performance of hierarchical codebooks. The motivation of hierarchical codebooks is also similar to that of differential feedback or MDC. A multi-level codebooks is defined with each child level codebook further refines the feedback accuracy of its parent codeword from an upper level codebook. 
The differential feedback, if viewed from multiple reports, can also be viewed as one special realization of hierarchical codebooks. However there is noticeable difference between differential feedback and hierarchical codebooks in [9].
a) Differential feedback will start with a base codeword which is self-contained such as a Rel-8 codeword and keep refining it in the successive reports using a differential codebook to reduce the quantization error. Thus eNB will combine the cumulated codeword with the latest refinement to create the new cumulated codeword. In this case, the codebook construction will focus on reducing the quantization error in the small region on Grassmannian manifold which is the neighbour region of the cumulated codeword.
b) The hieratical codebooks will split a large codebook into multi-level small codebooks. It is a question how to achieve global optimum of a large codebook from the multi-level small codebooks.
6. AoD based differential codebook
Contribution [7] gives one simple differential codebook and it is suitable for highly correlated ULA, especially for LoS scenario. When AoD based differential codebook is used together with DFT base codebook, the differential codebook can increase the quantization accuracy of the beam direction. The major merit is simplicity. When used in time domain and the differential operation is performed according to the base codebook instead of the previous converged codeword, the scheme is immune to error propagation. On the other hand, the major drawback is that there is no gain for lowly correlated antennas. Figure 3 gives one example of 4-bit differential codebook for a DFT code word, whose 16 beam patterns are equally spaced at both sides of the base beam pattern.
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Figure 3. 4-bit AoD differential codebook.
7. Simulation Results
Simulation results for MUZF with fixed 2 UEs per subband are given in Table 1. (No dynamic SU/MU switching. Parameters are listed in appendix):
Table 1. System level simulation results.
	eNode B antenna spacing
	Sector SE (bit/s/Hz)
	5% cell edge SE (bit/s/Hz)

	
	Rel. 8
	Transformation-based differential
	Adaptive codebook
	Rel. 8
	Transformation-based differential
	Adaptive codebook

	0.5λ
	2.73
	3.00
	3.12
	0.066
	0.071
	0.073

	
	100%
	109.5%
	114.2%
	100%
	108%
	111.2%

	4λ
	2.35
	2.76
	2.47
	0.053
	0.065
	0.056

	
	100%
	117.2%
	105.0%
	100%
	123%
	105.5%


8. Conclusion
In this contribution we reviewed several methods that reduce the feedback quantization error for LTE-A. We have performed system level simulations to verify the gains for some of the proposed approaches. Our results show reducing feedback quantization error brings consistent gains with respect to the Rel. 8 codebook. There are current two directions to achieve this goal. One is to utilize the spatial correlation property and adapt the codebooks accordingly to obtain more accurate CSI. The representative proposals fall into this direction is adaptive codebook, downloadable codebook etc. The other direction is to utilize the channel correlation over time/frequency to obtain more accurate CSI. The representative proposals for this direction are differential feedback, MDC, hierarchical codebook etc. The two directions are not fully conflicting, e.g. the differential feedback can start from the adaptive codebook.
Proposal: Both the spatial correlation property and the time/frequency domain correlation property should be considered to reduce the CSI quantization error in LTE-A.
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10. Appendix

Table 2, System level simulation parameters
	Parameter
	Value

	Duplex method
	TDD, Uplink-downlink configuration 1

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

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

	Users per sector
	10

	Downlink transmission scheme
	4x2 MU-MIMO ZFBF with fixed rank 2 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 (=3 consecutive RBs)

	
	5ms delay total.

	
	CQI measurement error: None

	
	PMI feedback error: 0% 

	
	MCSs based on LTE transport formats [36.213]

	
	4bits CQI according to 36.213

	codebook

　
	Rel. 8 4 bit

	
	Adaptive codebook applied to rank-1 Rel. 8 codebook (unquantized feedback of long term correlation matrix every 50 ms)

	Allocation
	localized

	Total number of RB in one subframe
	50

	scheduling unit
	1 subband=3 consecutive RBs

	Downlink HARQ
	Maximum 4 re-transmissions,

	
	Chase combining, non-adaptive, synchronous.

	
	no error on ACK/NACK

	
	5 ms delay between re-transmissions

	Downlink receiver type
	MMSE based on DM RS of serving cell

	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: Not modeled

	
	Overhead of 2-ports CRS

	BS antenna downtilt
	Case 1 3GPP 3D

	Feeder loss
	0dB

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

	
	Correlated channel: 5 degrees angle spread

Uncorrelated channel: 5 degrees angle spread

	Link error prediction technique
	EESM

	Intercell interference modeling
	rank 2 transmission in interfering cells for MU-MIMO

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