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1. Background
It was agreed in RAN1#72 to use W=W1W2 structure for 4Tx feedback for DMRS-based transmission modes. A total of 19 codebook proposals were subsequently submitted over the RAN1 email reflector. In this contribution we present evaluation results of these proposals and discuss how to proceed with Rel.12 DL MIMO WI.    
2. Summary of codebook proposals

The proposed precoders fall in several categories:

· Cat-1:  
Rel-8 precoders, which are inherited in the Rel.12 4Tx codebook as a subset [3, 6, 7, 20]. For the inherited Rel.8 precoders, W1 is an identity matrix, and W2 are chosen from Rel.8 codebook. 
· Cat-2: 
Rel-8 based extension [3, 7, 20], e.g. by using Rel.8 codebook as W2 and performing phase rotation with W1, or by adding new Householder matrices generated with new base vectors. 
· Cat-3: 
Double-codebook (DCB) designs using the Rel.10 Grid-of-Beam (GoB) concept. Although many proposals fall in this category, the exact GoB parameters are divergent in terms of the over-sampling rate, number of beams in each W1 grid, subband beam selection and co-phasing mechanism. 
· Cat-4:         Non-conventional precoding matrices, e.g. non-constant modulus precoders, or antenna selection components. As these precoders are not supported in legacy LTE network, we do not discuss these precoders in this contribution. 
3. Link-level Evaluation
Considering the sheer number of codebook proposals, system-level evaluation of every proposal is challenging. Therefore we begin with link-level evaluation to have an initial examination of the codebook performance before proceeding to full-fledged system-level evaluation. As been used in all legacy LTE codebooks standardization (UL or DL), link-level simulation provides clear and straightforward insights into the codebook performance, as opposed to system-level evaluation which involves many proprietary implementation issues and is more difficult to calibrate. 

Simulation assumptions are fully compliant with the agreed system-level evaluation assumptions, summarized below:

· ITU urban macro, 80% indoor, 20% outdoor dropping ratio
· Users dropped randomly and uniformly within  [-60, 60] angular spread from eNB bore sight
· SU-MIMO:    one UE dropped, with full rank-adaptation

· MU-MIMO:  two UEs independently dropped, with rank-1 transmission per user
· channel estimation modeled

· 4-bit CQI modeled per 36.213,  including wideband CQI and subband differential CQI
· PUSCH mode 3-2, where at any feedback instance, all subband PMI(s) are associated with a common W1 matrix.

3.1. SU-MIMO:

Performance with XPOL antenna configuration with small and large antenna spacing is illustrated in Fig. 1–2. For easy comparison, Fig. 3- 4 provides the zoomed view.
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Fig. 1: XPD with 0.5L antenna spacing                                     Fig. 2: XPD with 4L antenna spacing
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Fig. 3: XPD with 0.5L antenna spacing (zoomed view)                                    Fig. 4: XPD with 4L antenna spacing (zoomed view)

The following conclusions are drawn from the results:

· Rel.8 based extension+Rel.8 codebook (i.e. [3]) provides overall the best SU-MIMO performance in all antenna configurations. By including the identify matrix  I4 in the W1 codebook and using Rel.8 as W2,  the Rel.8 codebook is inherited as a subset in the Rel.12 codebook, ensuring that Rel.12 4Tx performance is at least not worse than Rel.8.
· Rel.8 codebook augmented by GoB component [6] achieves the second best performance. Note that Rel.8 codebook is inherited as is, e.g. without phase rotation.

· GoB based codebooks, without Rel.8 component, overall are not competitive compared to Rel.8 codebooks. This is not surprising as Rel.8 codebook has been rigorously studied for SU-MIMO in ULA/XPOL antenna configurations and various antenna spacing.  Furthermore, 

· Several GoB codebooks are worse than Rel.8, e.g. [4, 5, 14].

· The performance gap between Rel.8-based extension and pure GoB codebooks is increased in widely-spaced XPOL setup. This is consistent with the intuition that DCB structure is adopted based on the premise of highly correlated antenna, which is no longer valid as antenna spacing increases.
Conclusion:

· Rel.8 extension where Rel.8 codebook is used as W2, or inherited as a subset, achieves the best performance.

· Proposals solely based on GoB designs and not inheriting the Rel.8 codebook are not competitive, and worse than Rel.8 codebook in some cases (e.g. [4, 5, 14]).
· The gain of Rel.8-based extension over GoB is enlarged as antenna spacing increases.

3.2. MU-MIMO:

In this section MU-MIMO performance with correlated XPOL antenna is examined in Fig. 5, with the zoomed view provided in Fig. 6.  As pointed out in [22], with dynamic SU/MU-switching as a baseline for DMRS-transmission, MU-MIMO is more often seen in medium SNR range, while SU-MIMO is the dominant scheduling choice for low-SNR and high-SNR range. As such, comparison of MU-MIMO should focus on the medium SNR range. 
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Fig. 5: XPD with 0.5L antenna spacing                                   Fig. 6: XPD with 0.5L antenna spacing (zoomed view)                                     

From the simulation results we come to the following conclusions.
Conclusions:
· GoB designs, in particular those following the 8Tx GoB parameters [6, 15], achieve overall good performance for MU-MIMO. 

· Rel.8 codebook augmented by GoB component, still performs very well (e.g. [6]). 
3.3. Timing alignment error
It should be noted that ideal timing alignment error (TAE) has been assumed in this paper.

As discussed in Rel.10 and pointed out in several contribution [18], GoB structure is highly sensitive to practical TAE error at the eNB side. If practical TAE is taken into account, CSI feedback accuracy of GoB codebook will be severely degraded because the wideband channel information is not able to be sufficiently covered by W1 matrix. As a result the system performance with GoB codebook will be significantly reduced due to the mismatch between W1 and the wideband channel information. This problem, however, does not exist for Rel.8 codebook or Rel.8 based extension. Hence, if practical TAE is realistically modeled, Rel.8-based precoder is anticipated to be more robust than GoB-based codebooks.
Conclusions:

· If practical TAE is realistically modeled, inherited Rel.8 codebook components (i.e. W1 = I4, W2 = Rel.8) is expected to be more robust than GoB-based codebooks.
4. System-Level Evaluation

System-level evaluation with full-buffer traffic is provided in Table 1, based on the agreed simulation setup. The relative performance gains are plotted in Fig. 7- 8.  
Conclusions:

· It is observed that all codebook proposals have limited performance gain over Rel.8, in the range of 0 – 6%.
Table 1: Cell-average and cell-edge spectral efficiency (bps/Hz)

	
	Rel.8
	ATT
	CATT
	Ericsson
	NNSN
	ALU
	Renesas
	TI

	Cell-average
	1.812
	1.842
	1.851
	1.855
	1.841
	1.861
	1.881
	1.869

	Cell-edge
	0.0510    
	0.0530    
	0.0527    
	0.0532    
	0.0524    
	0.0536    
	0.0539    
	0.0538    
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Fig.7: Cell-average throughput gain over Rel.8 codebook    Fig.8: Cell-edge throughput gain over Rel.8 codebook

5. Conclusions

In this contribution we provided our evaluation results of various 4Tx codebook proposals in both link-level and system-level evaluation. Based on the results, we have the following conclusions and proposals.
Conclusions:

· SU-MIMO:

· Rel.8 codebook extension by using Rel.8 codebook as W2, or inheriting Rel.8 as a subset corresponding to W1 = I4 and W2 = Rel.8, achieves the best performance.

· Proposals solely based on GoB and not inheriting Rel.8 codebook (e.g. [4, 5, 14]) are not competitive, and worse than Rel.8 codebook in some cases.

· The gain of Rel.8-based extension over GoB is more pronounced as antenna spacing increases.

· MU-MIMO

· GoB designs, in particular those following the 8Tx GoB designs framework/parameterization (e.g. [6,15]), achieve good performance for MU-MIMO. 

· Rel.8-based extension, e.g. Rel.8 codebook augmented by GoB component, still performs very well (e.g. [6]). 

· If practical TAE is realistically modeled, Rel.8 codebook and Rel.8-based enhancement is expected to be more robust than DCB codebooks.

· System-level performance gain of codebook enhancement is not significant (i.e. 0 – 6%).
Proposal:

· Rel.12 supports a unified codebook for balanced SU-MIMO and MU-MIMO performance.

· Rel.12 codebook inherits Rel.8 codebook as a subset, and adds new precoders for enhanced CSI feedback. 

· Rank-1/2

· Rel.8 precoders:   W1 = I4, W2 = Rel.8.

· New precoders:    Reuse 8Tx GoB design framework, where exact design parameters (e.g. over-sampling rate) are FFS.

· Rank-3/4:  Reuse Rel.8 codebook
Appendix: simulation assumption

Table 2: Simulation assumptions

	Parameter
	Value

	Cellular layout
	Hexagonal grid with wrap around, 19 sites, 3 sectors per site, 500m ISD

	Deployment scenario
	Scenario A:  homogenous macro-only

	Antenna configuration
	4 Tx x-pol (-45o, 45o) at macro/LPN
2 Rx x-pol (0o, 90o) at UE

	Antenna spacing
	0.5 or 4 lambda at eNB, 0.5 at UE

	Number of UEs per cell
	Scenario A: 10 UE dropped per macro area

	Indoor / outdoor distribution
	Scenario A: 20% UE outdoor, 80% indoor

	Channel model
	ITU urban macro 

	Carrier frequency
	A: 2.00 GHz

	MIMO adaptation
	dynamic SU/MU switching

	Transmission scheme
	MU-MIMO with maximum 2 UE, 1 layer per UE

	MU-MIMO scheme
	zero-forcing beamforming

	Link adaptation 
	non-ideal

	Receiver
	MMSE IRC

	Feedback
	PUSCH mode 3-2, 6 PRB CQI subband, wideband W1, subband W2,

4-bit CQI quantization per TS 36.213

	Feedback periodicity
	5 ms

	Feedback delay 
	5 ms

	CSI-RS measurement error
	Modelled

	Flash light effect
	modelled in all cells

	Traffic model
	full buffer

	HARQ
	max 5 retransmission, Chase combining

	Time misalignment error (TAE)
	Assumed ideal
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