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1
Introduction
Codebook enhancements for improved MU-MIMO operation are being considered as an important aspect of LTE Release 10 standardization.  This contribution proposes an enhanced feedback approach for 4Tx based on the agreed dual codebook structure and in line with our proposal for 8Tx [1].  Comparisons with other companies’ codebooks as well as Rel-8 feedback are provided.  Further, performance results for an explicit feedback scheme based on non-codebook based precoding are presented and should be regarded as a performance “bound” on what can realistically be achieved with the more practical proposals currently under consideration. 
In companion contributions, we provide codebook system evaluations for the 8Tx case [1], as well as results on how a unified feedback approach helps to improve MU-MIMO operation in LTE-A [2]. 

2
Codebook Refinements for 4Tx
2.1
Proposed 4Tx Dual Codebook Structure 

In agreements at previous meetings, a dual codebook structure has been identified as a promising approach for enhanced feedback.  The agreed framework consists of two matrices, W1 and W2, which target wideband/long-term and subband-specific/short-term feedback, respectively. We follow this framework and, similar to some other companies [3], propose that the final precoder W be derived as
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where W1 is selected from the Rel-8 codebook and W2 is constructed as defined in the following paragraphs.  
It has been well-recognized that the performance of codebook enhancements is tightly linked with antenna configurations and propagation conditions.  Fundamentally, two approaches can be envisioned to cope with this dependency: either (1) the codebook allows for some basic level of adaptability such that it can be tailed to specific configurations, or (2) a robust codebook is selected that provides adequate performance across a range of scenarios deemed most relevant.  Clearly the first approach has the potential to outperform the second though at the expense requiring some form of codebook adaptability. 
Similar, to the codebook proposal for 8Tx, we propose subband-specific codebook refinements that depend on a small set of feedback parameters.  In the 4Tx case, the refinement codebook can be written as a set of diagonal matrices W2 where the k-th diagonal element (k=0,1,…,NTx-1) can be written as
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In the above formulation W2 depends on a set of three parameters but clearly, for any choice of b0, c0, and c1, the codebook for W2 can be written as a finite enumeration of matrices, as required by previous agreements on the dual codebook structure. 

The flexibility provided by the above framework can be used to allow for some adaptation of codebook parameters by introducing some basic signaling that selects among a small set of supported configurations.  The signaling for configuration selection could be cell-specific although if more flexibility in feedback configuration is desired, UE-specific signaling could be considered.  We also like to point out that the formulation in Equation (2) does not suggest that all of the parameters need to be used in all scenarios.  In fact, as part of the above formulations b0, c0, and/or c1, could be set to a fixed, predetermined value. 
2.2
Selection of Feedback Parameters 

In our evaluations we have considered the configurations listed in Table 1, and as illustrated by our simulation results, these configurations provide robust performance across a range of antenna configurations and channel models.  Further optimizations of b0, c0, and c1, as well as their reporting granularities are ongoing and may lead to further performance improvements.  
It should be noted that the reporting granularities in Table 1 have been chosen such that all feedback configurations consist of 2-bit subband-specific feedback.  

	Configuration
	Feedback parameter
	Values
	Number of bits
	Subband size (RBs)

	Alt. 1
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	{0, 1/4}
	1
	6

	
	
[image: image4.wmf]0

c


	{0, 1/4}
	1
	12
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	{0, 1/4}
	1
	12

	Alt. 2
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	{0, 1/4}
	1
	6
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	{0, 1/4, 1/2, 3/4}
	2
	24
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	{0, 1/4, 1/2, 3/4}
	2
	24

	Alt. 3
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	{0, 1/8, 2/8, 3/8}
	2
	12
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	{0, 1/4}
	1
	12
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	{0, 1/4}
	1
	12


Table 1: Considered feedback configurations
3
Codebook System Evaluations
3.1
Simulation Assumptions

The evaluation of the feedback refinement proposals presented in this contribution has been conducted in line with the agreed simulation methodology in [4], and additional simulation parameters are listed in Table 2.  
	Parameter
	Value

	Transmission Bandwidth
	10 MHz

	Channel Model
	3GPP Case 1, SCM-E High Spread

	Number of UEs per cell
	10

	Number of Tx antennas
	4

	Number of Rx antennas
	2

	Receiver Type
	Linear MMSE modeled

	Channel estimation
	Non-ideal

	Allocation Size 
	Adaptive

	Rank selection
	Adaptive

	CQI/Precoding feedback period
	5 ms

	CQI/Precoding feedback delay
	5ms

	Feedback subband size
	Default 6 RBs, 
According to Table 1 for Qualcomm proposals

	Feedback error
	Not modeled

	Frequency sensitive scheduling
	Yes

	Scheduling fairness
	Proportional fair

	Interference Estimation
	No interference covariance knowledge is assumed

	HARQ target
	10% BLER after 1st transmission

	Maximum number of retransmissions
	4


Table 2: System simulation assumptions
The spectral efficiency numbers provided in Tables 3 and 4 do not account for any system overhead.  The following antenna configurations were considered: 
	1. 0.5λ ULA

a. eNB:  4Tx, 0.5λ, ULA vertical

b. UE:  2Rx, 0.5λ, ULA  vertical

2. 0.5λ x-pol

a. eNB:  4Tx, 0.5λ, x-pol +45deg/-45deg

b. UE:  2Rx, x-pol, 0deg/90deg
	3. 4λ ULA

a. eNB:  4Tx, 4λ, ULA vertical
b. UE:  2Rx, 0.5λ, ULA vertical
4. 4λ x-pol

a. eNB:  4Tx, 4λ x-pol +45deg/-45deg

b. UE:  2Rx x-pol, 0deg/90deg


We have evaluated the feedback enhancement proposal presented in [3], and those presented in this document.  Comparison with other proposals may be added later.   For all proposals, the precoders were obtained by exhaustive search and fed back with the same time periodicity.  The comparison with the Release 8 codebook is based on subband-specific PMI reporting. 
In addition to implicit feedback schemes, we have also included performance numbers for two schemes based on explicit feedback.  While we are not advocating that these schemes be adopted for Release 10 feedback, we believe that the results help to shed some light on what performance could be achieved with increased feedback granularity.  To this end, we have included performance numbers for the following two schemes based on explicit feedback of the principal eigen-components of the channel: 
1. Explicit (6-bit).  Quantization of two dominant eigendirections is performed based on a 6-bit unit norm random codebook that has been optimized for uncorrelated channels.  Quantization is carried out per stream, i.e., 12-bit are fed back for a rank-2 report. 
2. Explicit (∞-bit).  No quantization is carried out and the two dominant eigen-directions are presumed to be available at the eNodeB with infinite precision. 
3.2
Discussion of the Simulation Results 
The simulation results for the schemes described above are shown in Tables 3 and 4 for SU-MIMO and MU-MIMO operation, respectively.  We have chosen to show the results for SU and MU-MIMO separately to better illustrate the increased sensitivity of MU-MIMO.  Rank adaptation is supported for SU-MIMO operation, and MU-MIMO is based on SLR-based precoding, pairing two UEs with one layer per UE. 
For each antenna configuration, we have selected the best-performing feedback configuration from Table 1.  Generally, we observed that Alt. 2 gives best results except for the ULA 0.5λ configuration for which Alt. 3 outperforms the other two.  Detailed results for each individual configuration are provided in the appendix. 
3.2.1
SU-MIMO results
The simulation results for SU-MIMO are shown in Table 3.  We can see that the performance of the PMI-based schemes is very similar and generally differs by less than 1%.  The comparison with the explicit feedback schemes shows that while the performance of these more feedback intensive schemes is relatively close for the 0.5λ cases (roughly 4% for ULA and 10% for x-pol), there is much more difference for the more uncorrelated 4λ scenarios (close to 18% for both ULA and x-pol scenarios).  We see this as an indication that while for 0.5λ scenarios, the feedback proposals considered so far are reasonably close to the optimal performance, the 4λ cases should receive more attention.  Ultimately, the results indicate that in 4λ scenarios, performance may be sacrificed if codebooks are solely optimized for 0.5λ scenarios. 
We would like to add that the performance of the quantized explicit feedback scheme (labeled “Explicit (6-bit)” in the table) falls below the Rel-8 performance for the 0.5λ case.  The reason for this behavior is that the 6-bit codebook has been optimized for uncorrelated channels.  Therefore, in correlated scenarios, such as 0.5λ ULA, performance can fall below schemes that are tailored to such scenarios even if they use a smaller number of bits.  
3.2.2
MU-MIMO results
Simulation results for MU-MIMO are shown in Table 4.  The performance gap between the various feedback proposals widens in this case, which can be explained by the greater feedback sensitivity of MU-MIMO compared to SU-MIMO.  This effect has also been reported by other companies in related contributions.  
The feedback refinements proposed in this contribution show a noticeable performance gain in most antenna configurations, compared to the other evaluated codebooks, typically in the range of 3%.  As stated earlier, we are continuing the optimize the feedback parameters of Table 1, which may lead to further performance improvements. 
The comparison with explicit feedback schemes again illustrates the sensitivity of MU-MIMO with respect to feedback granularity. We view these results as an indication that RAN1 should consider increasing the feedback granularity beyond the status-quo of 4-bits or less.  While it is clear that the 50% performance gain of unquantized explicit feedback schemes is not realistic in FDD systems, we believe that considerable performance improvements are within reach, especially for 4λ antenna configurations.  This is corroborated by performance gains of up to 28% by the Explicit (6-bit) scheme. 
	Table 3: SU-MIMO based simulation results.

	Antenna Configuration
	Feedback 
Method
	Cell spectral efficiency [bps/Hz]
	5-percentile UE spectral efficiency [bps/Hz]

	0.5λ ULA
	Rel-8
	2.804
	0.0%
	0.110
	0.0%

	
	Qualcomm
	2.806
	0.1%
	0.108
	-1.3%

	
	Samsung
	2.823
	0.7%
	0.111
	1.3%

	
	Explicit (6-bit)
	2.718
	-3.1%
	0.108
	-1.7%

	
	Explicit (∞-bit)
	2.915
	3.9%
	0.116
	6.2%

	0.5λ x-pol
	Rel-8
	2.787
	0.0%
	0.097
	0.0%

	
	Qualcomm
	2.820
	1.2%
	0.100
	2.3%

	
	Samsung
	2.800
	0.5%
	0.099
	2.1%

	
	Explicit (6-bit)
	2.802
	0.5%
	0.095
	-2.1%

	
	Explicit (∞-bit)
	3.062
	9.9%
	0.105
	7.8%

	4λ ULA
	Rel-8
	2.511
	0.0%
	0.084
	0.0%

	
	Qualcomm
	2.517
	0.2%
	0.089
	6.1%

	
	Samsung
	2.515
	0.1%
	0.085
	1.7%

	
	Explicit (6-bit)
	2.680
	6.7%
	0.089
	5.8%

	
	Explicit (∞-bit)
	2.944
	17.2%
	0.098
	17.3%

	4λ x-pol
	Rel-8
	2.592
	0.0%
	0.088
	0.0%

	
	Qualcomm
	2.633
	1.6%
	0.090
	2.4%

	
	Samsung
	2.590
	-0.1%
	0.087
	0.0%

	
	Explicit (6-bit)
	2.766
	6.7%
	0.088
	0.3%

	
	Explicit (∞-bit)
	3.049
	17.7%
	0.098
	12.5%


	Table 4: MU-MIMO based simulation results.

	Antenna Configuration
	Feedback 
Method
	Cell spectral efficiency [bps/Hz]
	5-percentile UE spectral efficiency [bps/Hz]

	0.5λ ULA
	Rel-8
	2.975
	0.0%
	0.106
	0.0%

	
	Qualcomm
	3.003
	1.0%
	0.108
	1.6%

	
	Samsung
	3.056
	2.7%
	0.110
	3.5%

	
	Explicit (6-bit)
	2.949
	-0.9%
	0.106
	0.4%

	
	Explicit (∞-bit)
	3.675
	23.5%
	0.132
	25.1%

	0.5λ x-pol
	Rel-8
	2.541
	0.0%
	0.085
	0.0%

	
	Qualcomm
	2.640
	3.9%
	0.091
	6.8%

	
	Samsung
	2.546
	0.2%
	0.085
	-0.4%

	
	Explicit (6-bit)
	2.942
	15.8%
	0.092
	8.3%

	
	Explicit (∞-bit)
	3.507
	38.0%
	0.114
	34.5%

	4λ ULA
	Rel-8
	2.158
	0.0%
	0.068
	0.0%

	
	Qualcomm
	2.220
	2.9%
	0.068
	-0.3%

	
	Samsung
	2.129
	-1.3%
	0.066
	-1.9%

	
	Explicit (6-bit)
	2.750
	27.5%
	0.082
	21.1%

	
	Explicit (∞-bit)
	3.240
	50.1%
	0.103
	52.5%

	4λ x-pol
	Rel-8
	2.213
	0.0%
	0.070
	0.0%

	
	Qualcomm
	2.262
	2.2%
	0.073
	4.0%

	
	Samsung
	2.176
	-1.7%
	0.069
	-2.3%

	
	Explicit (6-bit)
	2.833
	28.0%
	0.083
	18.8%

	
	Explicit (∞-bit)
	3.312
	49.6%
	0.104
	47.4%


5
Conclusion

We have presented a feedback refinement proposal for 4Tx and evaluated several schemes by system simulations.  The proposals presented in this paper show promising performance across most antenna configurations and achieve performance gains in the order of 1-4% compared to other schemes.  Further optimizations of the codebook parameters and their respective granularities are ongoing and may lead to additional performance enhancements. 

We have also presented performance numbers for two schemes based on explicit feedback which serve as an upper performance “bound” on what could be achieved with increased feedback granularity.  We believe that as part of the ongoing feedback discussions, RAN1 should consider an increased feedback granularity, at least for some of the deployment scenarios.  Our evaluations show that otherwise considerable performance gains may remain beyond reach.  
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A 
Appendix

In this section, we show the results of the performance optimization that was carried out to find the best performing feedback alternative from Table 1 for each antenna configuration.  The selection was primarily carried out based on MU-MIMO performance, as the performance difference is more pronounced in this scenario. 

We observed that all of the feedback alternatives offer fairly robust performance across the antenna configurations that were considered.  For the 0.5λ ULA, Alt. 3 from Table 1 was chosen, otherwise Alt. 2 performed best, closely followed by Alt. 1.  Detailed results are provided in Tables 5 and 6 below for SU-MIMO and MU-MIMO, respectively.  The selected feedback configuration is shown in bold font. 
A.1 
SU-MIMO

	Table 5: SU-MIMO based simulation results.

	Antenna Configuration
	Feedback 
Method
	Cell spectral efficiency [bps/Hz]
	5-percentile UE spectral efficiency [bps/Hz]

	0.5λ ULA
	Qualcomm (Alt 1)
	2.807
	0.0%
	0.111
	0.0%

	
	Qualcomm (Alt 2)
	2.810
	0.1%
	0.109
	-1.8%

	
	Qualcomm (Alt 3)
	2.806
	0.0%
	0.108
	-2.7%

	0.5λ x-pol
	Qualcomm (Alt 1)
	2.819
	0.0%
	0.100
	0.0%

	
	Qualcomm (Alt 2)
	2.820
	0.0%
	0.100
	0.0%

	4λ ULA
	Qualcomm (Alt 1)
	2.544
	0.0%
	0.085
	0.0%

	
	Qualcomm (Alt 2)
	2.517
	-1.1%
	0.089
	4.7%

	4λ x-pol
	Qualcomm (Alt 1)
	2.624
	0.0%
	0.089
	0.0%

	
	Qualcomm (Alt 2)
	2.633
	0.3%
	0.090
	1.1%


A.2 
MU-MIMO

	Table 6: MU-MIMO based simulation results.

	Antenna Configuration
	Feedback 
Method
	Cell spectral efficiency [bps/Hz]
	5-percentile UE spectral efficiency [bps/Hz]

	0.5λ ULA
	Qualcomm (Alt 1)
	2.928
	0.0%
	0.106
	0.0%

	
	Qualcomm (Alt 2)
	2.945
	0.6%
	0.101
	-4.7%

	
	Qualcomm (Alt 3)
	3.003
	2.6%
	0.108
	1.9%

	0.5λ x-pol
	Qualcomm (Alt 1)
	2.631
	0.0%
	0.090
	0.0%

	
	Qualcomm (Alt 2)
	2.640
	0.3%
	0.091
	1.1%

	4λ ULA
	Qualcomm (Alt 1)
	2.188
	0.0%
	0.068
	0.0%

	
	Qualcomm (Alt 2)
	2.220
	1.5%
	0.068
	0.0%

	4λ x-pol
	Qualcomm (Alt 1)
	2.253
	0.0%
	0.072
	0.0%

	
	Qualcomm (Alt 2)
	2.262
	0.4%
	0.073
	1.4%
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