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1
Introduction

This contribution discusses CSI feedback to support MU-MIMO operation for Release 10 assuming the agreed two-matrix based feedback framework for a 4Tx antenna configuration at the eNB. 

In RAN1 #60 the following way forward was agreed as the feedback framework for Release 10:

· 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

In RAN1#60bis, the following agreement on feedback and precoder design was made:

· A precoder W for a subband is a function of two matrices W1 and W2, i.e. where W1 ( C1 and W2 ( C2. The codebooks C1 and C2 are codebooks one and two, respectively.
· W1 targets wideband/long-term channel properties
· W2 targets frequency-selective/short-term time channel properties
· For PUCCH, the feedback corresponding to W1 and W2 can be sent in different or the same subframe (unless it turns out that the payload is too large to ever send W1 and W2 in the same subframe on PUCCH).
· Periodic and aperiodic reports are independent
· For PUSCH: FFS
· FFS whether feedback corresponding to W1 and/or W2 may be switched off
In RAN1#60bis, the following further agreement on feedback and precoder design was made:
· A precoder W for a subband is obtained as a matrix multiplication of the two matrices (Wk , k = 1, 2) 

· Note that two codebooks need to be designed

· Note that a kronecker structure is a special case

· Note that the matrices can have block structure (e.g. block diagonal) 

· Some codebook proposals may require explicit normalization 

· For 8 Tx, the precoder W can take on the form of

· For rank 1, at least 16 different beams (grid of beams) for co-polarized ULA

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain 

· Example: DFT based precoder vectors

· For rank 1 and rank 2, at least 8 different beams (grid of beams) for each group of 4 co-polarized antennas in the closely spaced cross-polarized setup

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain 

· Example: DFT based precoder vectors

· Additional precoders are not precluded

· At least for a (configurable) subset of the precoders W obeys the following properties
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Full PA utilization property, i.e.,
· Orthogonal columns with same norm (unitary precoding)

In this contribution, we evaluate system-level performance of several CSI feedback methods for MU-MIMO operation under reaslistic simulation assumptions in [11].  More specifically, we compare the performance of various quantized two-matrix based feedback schemes against the Release-8 feedback. 
2
Analysis of Two-matrix Based Feedback
The general concept of the two-matrix based feedback relies on employing a combination of long-term and short term matrices. Introduction of long term feedback enhances the spatial resolution of CSI feedback by exploiting the correlation property of the MIMO channel. In addition, since the correlation property of wireless channel intended for MIMO operation usually varies slowly in time and frequency, the long term component can be fed back less frequently than the short-term component of the feedback. Therefore by adopting the two-matrix based feedback solution, the accuracy of the CSI feedback is enhanced without much increase on the feedback overhead.
There have been several proposals for defining the codebooks required for the two-matrix feedback framework in the recent RAN1 meetings, some are listed below:
1. Adaptive codebook (R or R1/2 based rotation) [1-2], [6], [8-10]
2. Grid of beams precoder [3], [4] 
3. Kronecker decomposition of R matrix or the dominant eigenvector(s) [5] 
Among these proposals, variants of R-based adaptive codebook seem to be the most common approach. The Grid of beams precoder in [3] has the benefits of reduced dimension of short-term (or sub-band) precoder feedback. Furthermore the scheme based on the Kronecker decomposition seems to provide a flexible solution for both ULA and X-Pol antenna configuration set-up. Therefore, we focus on these  aforementioned methods and provide performance results for comparison.
2.1
General Considerations of the two compared methods
2.1.1
Adaptive Codebook
Adaptive codebook construction method requires feedback of a long-term correlation matrix R and a short-term baseline matrix (which can be based on Release 8 codebook). A general formula of adaptive codebook is given as 
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, where R is the quantized long-term correlation matrix, H is a generic MIMO channel matrix and 
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is a codeword from a predefined baseline codebook.
2.1.2
Kronecker Decomposition
The Kronecker decomposition based feedback exploits the correlation between the different subsets of an antenna system. The antenna system could adopt either a ULA or an X-pol configuration. As such, the covariance matrix of the ULA group over the wideband and that of X-Pol/ULA subsets over the narrowband is captured and used as different elements of the CSI feedback. To reduce the overhead feedback, the Kronecker decomposition can be performed only on the principal eigenvector of the R matrix. As such, the principal eigenvector can be approximated as 
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is a vector based on the wideband ULA component, and 
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 is a sub-band specific co-phasing vector. For rank-2 operations, a similar approach can be assumed by inclusion of the second largest eigenvector.

2.1.3
Grid of beams precoder
The overall grid of beams precoder is formed as
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 implements some form of beamforming based on correlation properties of the channel. The channel and 
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channel were in many cases 
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is substantially smaller than the number of antenna ports, 
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, tries to match the instantaneous properties of the effective channel, such as phase alignment for constructive combining of transmitted signals on receive side, or orthogonalization of the effective channel. The CSI feedback dimension reduction is made possible due to the needed codebook size for 
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3
Simulations Results and Discussions
3.1 System-level simulation results and discussions
In this section, we investigate the performance of R-based adaptive codebook, grid of beams precoder and Kronecker decomposition methods for rank-1 MU-MIMO operation under realistic simulation assumptions. For the R-based adaptive codebook, we assume the Release 8 baseline codebook as the short-term precoder element.  
System-level simulation parameters and assumptions are summarized in Appendix 1. We use the following 4Tx eNB antenna configurations in the simulation as required by [11]:

· Cross-polarized antennas with 0.5 λ separation, and both low ang high angle spreads (8° and 15°)
· Co-polarized antennas with 0.5 λ separation, and both low ang high angle spreads (8° and 15°)
We evaluate the performance of the following quantized methods:
· Adaptive codebook using Matrix-wise quantization of R using 6 bits [6], (denoted as MQ6) 
· Adaptive codebook using Vector quantization of R using 11 bits [1], (denoted as VQ11)
· Grid of beams precoder design [3] using 4-bit DFT precoder for 
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, (denoted as GOB).
· Kronecker decomposition of the principal eigenvector using 6- and 4-bit DFT vectors for 
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, respectively, (denoted as or Kronecker 6-4). 
· The baseline method of Release 8 feedback is used as the performance benchmark for comparison. 
The codebook size of each method is summarized in the following table.
Table 1: Codebook size of different methods
	
	Wideband and/or long-term
	Freq.-selective and/or short-term
	Precoder report size in bits for 20 MHz

	Rel-8
	0
	4
	52

	Adaptive CB, VQ11
	11
	4
	63

	Adaptive CB, MQ6
	6
	4
	58

	GOB
	4
	2
	30

	Kronecker 6-4
	6
	4
	58


As required by [11], feedback channel (PUSCH/PUCCH) error is considered. We model the following feedback channel (PUSCH/PUCCH) error scenarios:
· 1% FER of feedback channel (PUSCH/PUCCH) without CRC and error detection.
· 1% FER of feedback channel (PUSCH ) with CRC and error detection. If error is detected, the last correctly received feedback is used.
Performance with low angle spread and no CRC on feedback channel
Table 2 shows the results of the system-level performance of MU-MIMO with XPOL antenna configuration by using different quantized feedback schemes. The simulation results indicates that the Kronecker 6-4 provides the largest performance gains over Release-8 feedback for average cell spectral efficiency and cell edge spectral efficiency, followed by GOB and Adaptive CB with VQ11. 

Table 2: MU-MIMO performance: XPOL with 0.5 λ separation, 8° angle spread and no CRC
	
	Average Cell SE (bps/Hz/Cell)
	5% Cell Edge User SE (bps/Hz/User)

	Release-8 Feedback
	2.46 (100%)
	0.086 (100%)

	VQ11 (Huawei)
	2.62 (106.5%)
	0.092 (106.9%)

	MQ6 (ALU)
	N/A*
	N/A

	
	
	

	
	
	

	
	
	

	GOB
	2.80 (113.8%)
	0.098 (113.9%)

	Kronecker 6-4
	2.91 (118.3%)
	0.102 (118.6%)


       *Note: the matrix quantization method described in[6] is only applicable to ULA antenna configuration.  
Table 3 shows the results of the system-level performance of MU-MIMO with ULA antenna configuration by using different quantized feedback schemes. 
· In terms of for average cell spectral efficiency, Adaptive CB with VQ11 provides the largest performance gains over Release-8 feedback, followed by Adaptive CB with MQ6 and Kronecker 6-4. However, GOB yields a small (0.6%) loss compared to the Release-8 feedback.

· In terms of for cell edge spectral efficiency, the performance trend is similar: Adaptive CB with VQ11 still leads the rest of methods, while Kronecker 6-4 provides larger performance gains than Adaptive CB with MQ6. However, GOB yields the same performance as the Release-8 feedback.
Table 3: MU-MIMO performance: ULA with 0.5 λ separation, 8° angle spread and no CRC
	
	Average Cell SE (bps/Hz/Cell)
	5% Cell Edge User SE (bps/Hz/User)

	Release-8 Feedback
	3.52 (100%)
	0.114 (100%)

	VQ11 (Huawei)
	4.03 (114.5%)
	0.132 (115.8%)

	MQ6 (ALU)
	3.99 (113.4%)
	0.128 (112.3%)

	
	
	

	
	
	

	
	
	

	GOB
	3.50 (99.4%)
	0.114 (100%)

	Kronecker 6-4
	3.97 (112.8%)
	0.130 (114.0%)


Performance with low angle spread and CRC on feedback channel (PUSCH)
Table 4 shows the results of the system-level performance of MU-MIMO with XPOL antenna configuration by using different quantized feedback schemes. The trend of relative performance among different methods is basically the same as that in Table 2 (without CRC). In most cases, the usage of CRC on feedback channel provides a trivial (less than 0.5%) performance gain compared to that of not using CRC on feedback channel. 
Table 4: MU-MIMO performance: XPOL with 0.5 λ separation, 8° angle spread and with CRC
	
	Cell SE
	Cell Edge User SE

	Release-8 Feedback
	2.47 (100%)
	0.087 (100%)

	VQ11 (Huawei)
	2.63 (106.5%)
	0.093 (106.9%)

	MQ6 (ALU)
	N/A
	N/A

	
	
	

	
	
	

	
	
	

	GOB
	2.81 (113.7%)
	0.097 (111.5%)

	Kronecker 6-4
	2.92 (118.2%)
	0.102 (117.2%)


Table 5 shows the results of the system-level performance of MU-MIMO with ULA antenna configuration by using different quantized feedback schemes. The trend of relative performance among different methods is basically the same as that in Table 3 (without CRC). In most cases, the usage of CRC on feedback channel provides a trivial (less than 1%) performance gain compared to that of not using CRC on feedback channel. 
Table 5: MU-MIMO performance: ULA  with 0.5 λ separation, 8° angle spread and with CRC
	
	Average Cell SE (bps/Hz/Cell)
	5% Cell Edge User SE (bps/Hz/User)

	Release-8 Feedback
	3.55 (100.0%)
	0.116 (100.0%)

	VQ11 (Huawei)
	4.04 (113.8%)
	0.132 (113.8%)

	MQ6 (ALU)
	4.01 (113.0%)
	0.129 (111.2%))

	
	
	

	
	
	

	
	
	

	GOB
	3.53 (99.4%)
	0.116 (100.0%)

	Kronecker 6-4
	3.99 (112.4%)
	0.131 (112.9%)


Performance with high angle spread
The performance results of MU-MIMO with large angle spread (15°) by using different quantized feedback schemes are summarized in Tables 6 to 9. Similar trend of relative performance among different methods are observed as in Tables 2 to 5. 
· With the high angle spread, the (absolute) performance of all methods is 7.5% and 16% lower than that of low angle spread with XPOL and ULA antenna configurations, respectively. 
· Performance gains (over Release-8) yielded by antennas with high angle spread are 1~4% smaller than those yielded by antennas with low angle spread.

Table 6: MU-MIMO performance: XPOL with 0.5 λ separation, 15° angle spread and no CRC
	
	Cell SE
	Cell Edge User SE

	Release-8 Feedback
	2.28 (100.0%)
	0.074 (100.0%)

	VQ11 (Huawei)
	2.38 (104.4%)
	0.079 (106.8%)

	MQ6 (ALU)
	N/A
	N/A

	
	
	

	
	
	

	
	
	

	GOB
	2.51 (110.1%)
	0.083 (112.2%)

	Kronecker 6-4
	2.61 (114.5%)
	0.087 (117.6%)


Table 7: MU-MIMO performance: ULA with 0.5 λ separation, 15° angle spread and no CRC
	
	Average Cell SE (bps/Hz/Cell)
	5% Cell Edge User SE (bps/Hz/User)

	Release-8 Feedback
	2.96 (100.0%)
	0.095 (100.0%)

	VQ11 (Huawei)
	3.23 (109.1%)
	0.105 (110.5%)

	MQ6 (ALU)
	3.20 (108.1%)
	0.103 (108.4%)

	
	
	

	
	
	

	
	
	

	GOB
	2.90 (98.0%)
	0.092 (96.8%)

	Kronecker 6-4
	3.16 (106.8%)
	0.101 (106.3%)


Table 8: MU-MIMO performance: XPOL with 0.5 λ separation, 15° angle spread and with CRC
	
	Cell SE
	Cell Edge User SE

	Release-8 Feedback
	2.29 (100.0%)
	0.075 (100.0%)

	VQ11 (Huawei)
	2.39 (104.4%)
	0.079 (105.3%)

	MQ6 (ALU)
	N/A
	N/A

	
	
	

	
	
	

	
	
	

	GOB
	2.52 (110.0%)
	0.083 (110.7%)

	Kronecker 6-4
	2.61 (114.0%)
	0.088 (117.3%)


Table 9: MU-MIMO performance: ULA with 0.5 λ separation, 15° angle spread and with CRC
	
	Average Cell SE (bps/Hz/Cell)
	5% Cell Edge User SE (bps/Hz/User)

	Release-8 Feedback
	2.99 (100.0%)
	0.097 (100.0%)

	VQ11 (Huawei)
	3.24 (108.4%)
	0.106 (109.3%)

	MQ6 (ALU)
	3.22 (107.7%)
	0.104 (107.2%)

	
	
	

	
	
	

	
	
	

	GOB
	2.91 (97.3%)
	0.092 (94.9%)

	Kronecker 6-4
	3.18 (106.4%)
	0.102 (105.2%)


Observation:
As shown by the system-level simulation performance in Tables 2~9, we observe the following:
· Even with realistic CSI-RS and DM-RS channel estimation error and feedback channel error, two-matrix based codebook construction methods and associated feedback schemes, such as adpative codebook, GOB and Kronecker, can still provide reasonably good performance gains over Release-8 feedback for MU-MIMO operation.
· Performance gains of antennas with low angle spread are larger than those of antennas with high angle spread.
· No single codebook construction method and associated feedback is a clear winner in all antenna configutations: Adaptive codebook provides better performance for ULA antenna configuration, while GOB and Kronecker provide better performance for XPOL antenna configuration.
· For XPOL antenna configuration, GOB offers an interesting trade-off between feedback overhead and performance: it has the second-best performance but significantly lower feedback ovehead. 
4
Conclusions and Recommendations
In this contribution, we have evaluated and compared the system-level performance of several CSI feedback schemes considered for the two-matrix based feedback framework, in the context of a 4x2 antenna configuration. While the final conclusion on the exact choice and the definition of the two-matrix based codebook requires further studies and investigation, the presented results provide some insights into the expected performance under realistic assumptions and overall feedback overhead.
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Appendix 1
System-level simulation assumptions and parameters are shown in Table 10.

Table 10: System-level simulation assumptions

	Parameter
	Assumption

	Channel Model 
	3GPP Case 1, 8˚  and 15˚ angle spread 

	Inter site distance
	500 m

	Traffic Model
	Full buffer

	Antenna Configuration 
	4-Tx eNB: 

· Cross-polarized, 0.5 lambda spacing
· Co-polarized antennas, 0.5 lambda spacing

	
	UE: 2 Rx cross-polarized 0˚/90˚, 0.5 lambda spacing

	Duplex method 
	FDD 

	Cell Bandwidth
	10 MHz

	Max number of HARQ retransmissions 
	4 

	Transmission Mode 
	ZFBF MU-MIMO with rank adaptation with up to 4 layers and 1 layer per UE. 

	Link adaptation 
	Ideal MCS determination (post-BF MU CQI known at eNB for MCS determination)

	Channel estimation 
	Non-ideal channel estimation on CSI RS and DM RS 

	CSI Feedback
	Wideband RI and MI1, sub-band MI2 and CQI

1% FER with perfect power control

	Feedback Impairments
	8 RBs per subband; 
Reporting period: 100ms for MI1 and 5 ms for MI2 
Delay: 6 ms

	Rate Metric 
	Goodput based on MCS in Release 8 

	Control Channel and Reference Signal Overhead 
	  3 OFDM symbols for DL CCHs, 12 REs/RB for DM-RS and 4 REs/RB for CSI-RS, and no CRS overhead is assumed. 

	Number of users per cell 
	10 

	Receiver Assumption at the UE 
	MMSE without inter-cell interference suppression

	Scheduler 
	Proportional fair in time and frequency


� EMBED Equation.3  ���
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