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1. Introduction
As discussed during the previous RAN WG1#58 meeting at Shenzhen, DL MU-MIMO is a key technique to satisfy the performance requirements of ITU-R IMT-Advanced [1]. Therefore, enhancement of single-cell channel state information (CSI) feedback with optimization for DL MU-MIMO should be investigated with high priority for the Rel. 10 work item specification. This contribution presents our views on single-cell CSI feedback enhancement to support DL MU-MIMO and some preliminary evaluation results.
2. Framework for CSI Feedback Enhancement
In order to support advanced multi-antenna transmission, the number of CQI and SCI (spatial channel information), e.g., PMI and RI, feedback bits in LTE-Advanced may be increased compared to that in the Rel. 8 (and maybe Rel. 9) LTE. Therefore, we must decide the framework regarding how to extend the feedback of CQI and SCI for LTE-Advanced. Based on the Rel. 8 LTE specification, our view is given hereafter.
· CSI feedback for LTE-Advanced is based on extension of Rel. 8 PUSCH reporting modes
Similar to Rel. 8 LTE, CSI feedback could be defined as the combination of CQI feedback and explicit/implicit SCI feedback. In the Rel. 8 LTE, CSI, i.e., CQI/PMI/RI, feedback modes are categorized into two types: PUCCH and PUSCH feedback. Since PUSCH feedback supports more types of combinations of CQI and SCI feedback from the viewpoint of the reporting bandwidth and can carry more CSI feedback bits compared to PUCCH, it is more natural to extend the CSI feedback based on the Rel. 8 PUSCH reporting modes. The need for extending the CSI feedback using PUCCH is FFS.

· Determining on which combinations of CQI and SCI feedback bandwidths are to be investigated for extension to support DL MU-MIMO in LTE-Advanced
Table 1 shows the proposed framework for CSI feedback for LTE-Advanced based on the PUSCH CSI feedback modes specified in the Rel. 8 LTE. We consider that two types of CSI feedback extension should be investigated considering the DL MU-MIMO usage case given below.
(A) Extension of Mode 3-1 (Wideband SCI + Higher layer configured subband CQI)
Extension of Mode 3-1 is a preferred approach to achieve MU-MIMO extension with a reasonable number of feedback bits. It is especially suitable for a highly spatially-correlated antenna configuration at an eNode B.
(B) Extension of Mode 1-2 and/or 2-2 (Subband SCI + Wideband or UE selected subband CQI)
Extension of Mode 1-2 and/or Mode 2-2 is useful to support advanced MU-MIMO using a low spatially-correlated antenna configuration at an eNode B. Extension of these modes is important for local area optimization since the spatial correlation among eNode B antennas is generally lower in local areas such as urban microcells, indoors, and hotspots. However, one issue to be investigated is how to achieve the efficient feedback signaling for the SCI. The tradeoff relationship between the performance gain and feedback signaling overhead should be carefully investigated.
Table 1 – Framework for CSI feedback enhancement for LTE-Advanced
based on extension of Rel. 8 PUSCH reporting modes
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3. Enhancement of Spatial Channel Information (SCI) Feedback
3.1. Issues Facing SCI Feedback Enhancement for MU-MIMO in LTE-Advancded
In this section, we consider some issues regarding SCI feedback that need to be investigated in order to support advanced MU-MIMO in LTE-Advanced. As we mentioned previously, SCI is defined as the explicit/implicit spatial channel matrix/vector. In the Rel. 8 LTE, SCI corresponds to PMI (and RI). Regarding the extension of SCI feedback for MU-MIMO, the following issues must be investigated. Our current view for each issue is also given. 
· Content of SCI feedback
· Alt. 1-1: Implicit SCI feedback, e.g., Rel. 8 LTE PMI and extension of the Rel. 8 LTE PMI
· Alt. 1-2: Explicit SCI feedback, e.g., direct channel (H), covariance matrix (R), and eigenvector(s) of H or R
· Our view is that a performance evaluation should be conducted to decide s which one or a combination of them should be specified for each reporting mode. The best SCI feedback contents may depend on the antenna configuration, deployment scenario, and the number of quantization (feedback) bits.
· SCI quantization scheme
·  Alt. 2-1: Quantization of spatial channel matrix/vector based on a codebook 
·  Alt. 2-2: Quantization of each element of spatial channel matrix/vector
· Determining which alternative depends on the required number of feedback bits. For explicit SCI feedback using a relatively large number of feedback bits, Alt. 2-2 is preferred. We investigate the required number of quantization (feedback) bits to achieve high performance of DL MU-MIMO for various antenna configurations and deployment scenarios in Section 3.2.
· Quantized SCI selection criterion
·  Alt. 3-1: Maximum SINR (or maximum throughput)-based quantization
·  Alt. 3-2: Minimum Euclidian distance-based quantization
· Determining which alternative may depend on the SCI quantization scheme. For Alt. 2-2, the SCI quantization scheme, Alt. 3-2 may be better. On the other hand, for Alt. 2-1, Alt. 3-1 can achieve higher throughput performance compared to Alt. 3-2 based on our evaluations [2].
3.2. Preliminary Evaluation Results 
In this section, our preliminary evaluation results on the impact of channel quantization are shown to clarify the required number of SCI quantization (feedback) bits. In the evaluation, feedback of the direct channel matrix (H) or composite channel vector (g (= wH), where w is the receiver filter) is assumed. Each element of the spatial channel matrix, H, or composite channel vector, g, is quantized with log2(M)-bit using modulation-based quantization as shown in Figs. 1(a) and 1(b). Simulation conditions are given in Table 1. We set the antenna separation at the eNode B as d = 0.5 and 10. The subband size of the SCI is set to 5 RBs. In the case of a highly correlated antenna configuration (d = 0.5), the performance of the wideband SCI feedback is also evaluated. 
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Fig. 1 – Examples of 4-bit (M = 16) quantization 
Table 2 – Simulation conditions

  [image: image3.emf]System bandwidth 10 MHz

Modulation and coding scheme 16QAM, R= 1/2

Precoding MMSE precoding

Downlink transmission scheme 4-by-2 MU-MIMO

Number of UEs 2

Multipath channel model TU or Ped-A channel model

Angle of departure for each UE 60, -60 degrees

R.m.sangle spread of AoD 5 degrees

Maximum Doppler frequency 5.55 Hz

Antenna configuration at eNode B, UE

eNode B: Uniform linear array (ULA)

with antenna separation of d

UE: Uncorrelated ULA

Difference in average received SINR 

between two UEs

0 dB

Channel estimation Ideal

Signal detection MMSE detection

SCI feedback period 1 msec

Control delay of SCI feedback 8 msec


Figure 2 shows the average block error rate (BLER) performance as a function of the average received SNR per stream (or UE) when d = 10 and the Ped-A channel model with the r.m.s. angular spread of 40 degrees are assumed considering an indoor environment. The BLER performance for full channel feedback and that for composite channel feedback are shown in Figs. 2(a) and 2(b), respectively. The number of quantization bits is parameterized from two to four bits, and two quantization patterns, M-PSK and M-STAR quantization, are assumed. For comparison, the performance of 4-by-2 SU-MIMO with the transmission rank of 2 is also plotted. From Fig. 2(a), when the full channel feedback is assumed, at least a 3-bit quantization per element is necessary to reduce the performance degradation from the ideal SCI case within approximately 3 dB. This means that the required number of SCI feedback bits per subband is 3 (bit/element) x 8 (element) = 24 bits. Figure 2(b) shows that when the composite channel is used, 4-bit quantization is necessary to restrain the performance degradation to within 3 dB. This corresponds to the required number of SCI feedback bits per subband of 4 (bit/element) x 4 (element) = 16 bits, so the composite channel feedback is beneficial in reducing the number of SCI feedback bits for rank 1 transmission. If multiple subband SCIs are fed back, the number of SCI feedback bits in the uplink increases tremendously. Therefore, we need to consider how to reduce the number of SCI feedback bits. The UE selected subband SCI feedback (extension of Mode 2-2) may be a possible solution to reduce the number of subband SCI feedback bits.
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Fig. 2 – Average BLER performance (d = 10, Ped-A channel model)
Figure 3 shows the average BLER performance when d = 0.5 and the TU channel model with the r.m.s. angular spread of 5 degrees are assumed considering a highly correlated outdoor environment. Composite channel feedback is assumed. Figure 3 shows that when the subband SCI feedback with more than 3-bit PSK quantization is used, the performance degradation from ideal SCI can be suppressed to within approximately 2 dB. Furthermore, even when the wideband SCI feedback with the 3-bit PSK quantization is used, the performance degradation compared to that for the 3-bit subband SCI is within approximately 1 dB at the average BLER = 10-1. Therefore, the required number of SCI feedback bits is 3 x 4 = 12 bits for a highly correlated antenna case. We note here that the required number of SCI feedback bits can be reduced by using codebook-based channel vector quantization for highly spatially-correlated antennas. 

 [image: image6.emf]10

-2

10

-1

10

0

0 2 4 6 8 10 12 14

Average BLER

Average received SNR per stream (dB)

d= 0.5

l

TU channel

Composite 

channel feedback

Wideband

Subband (5 RBs)

2-bit 

3-bit

4-bit

ideal SCI

M-PSK M-Star

Quantization 

bits per element


Fig. 3 – Average BLER performance (d = 0.5, TU channel model) 
4. Enhancement of CQI Feedback
4.1. Issues Facing CQI Feedback Enhancement for MU-MIMO

CQI is the most appropriate MCS index achieving the highest throughput corresponding to the instantaneous received SINR. Regarding the extension of CQI feedback for MU-MIMO, the following two issues must be investigated. 

· CQI feedback scheme for MU-MIMO

· Alt. 1-1: Common CQI feedback is used for SU-MIMO and MU-MIMO. 

· Alt. 1-2: Different CQI feedback from SU-MIMO is specified for MU-MIMO. 

· Alt. 1-2(a): Define MU-MIMO specific CQI considering inter-user interference. SU-MIMO/MU-MIMO CQI feedback is configured using higher layer signalling.
· Alt. 1-2(b): In addition to SU-MIMO CQI feedback, additional CQI, e.g., differential CQI, corresponding to the offset value considering inter-user interference is also fed back to improve the MU-MIMO performance.
· Our view is given hereafter. In MU-MIMO, the number of co-scheduled UEs within the same RB is dynamically changed. In addition to that there is a possibility to change dynamically the transmission rank per UE. Furthermore, the UE cannot know which UEs are co-scheduled at the timing of the CQI reporting. Therefore, it is difficult to estimate and report an accurate CQI value in the case of MU-MIMO. Therefore, we consider that Alt. 1-1 may be sufficient and that the eNode B transfers the reported CQI from UEs when MU-MIMO is employed. The benefit using Alt. 1-2(b) must be investigated.
· Whether or not CQI includes the precoding gain
· Alt. 1: CQI includes the precoding gain assuming appropriate precoding weights.

· Alt. 2: CQI is calculated based on the transmit diversity (TxD) gain, i.e., based on the average received SINR over multiple antenna ports.

· It was decided at the RAN1#58 meeting that TxD based and also PMI based feedback modes were supported for both TDD and FDD regarding Rel. 9 dual-layer beamforming [3]. Therefore, our understanding is that both CQI feedback modes were adopted at least in Rel. 9 LTE. We will further investigate which mode is more useful for LTE-Advanced DL MU-MIMO. It may depend on the content of the SCI feedback.
5. Conclusion

This contribution presented the framework on how single-cell CSI feedback will be extended for LTE-Advanced. In the proposal, CSI feedback for LTE-Advanced is based on extending the Rel. 8 PUSCH reporting modes. Furthermore, we should decide which combinations of CQI and SCI feedback bandwidths to be investigated in order to extend support to advanced MU-MIMO in LTE-Advanced. 
Furthermore, we raised some issues regarding CSI, i.e., SCI and CQI, feedback to be investigated for advanced MU-MIMO
· SCI feedback
· Content of SCI feedback: Explicit or implicit SCI feedback
· SCI quantization scheme: Vector quantization or element-based quantization of channel matrix
· Quantized SCI selection criterion: Maximum SINR-based or minimum Euclidian distance-based
· CQI feedback

· CQI feedback scheme for MU-MIMO: Common or different CQI definition as SU-MIMO
· Inclusion or not of precoding gain in CQI
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