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1. Introduction
In LTE-A, the enhancement of downlink MIMO performance could be achieved through two different approaches; one is through SU-MIMO transmission with high rank, for example, by using 8x8 antenna configuration. The other is to improve the performance of MU-MIMO, namely, by pairing two or more UE in MU-MIMO transmission, to achieve high system throughput. The later approach seems critical and brings significant gain as seen from evaluations among companies. To improve the MU-MIMO performance, it is necessary to feedback more accurate channel state information (CSI) as seen by each UE, and therefore, allow eNB to have more flexibility in UE paring and more accurate MCS assignments. The price paid though, would be the increased overhead in feedback and a balance needs to be established between the performance improvements and increased overhead. Among different schemes targeting for improved CSI feedback, a simple but yet effective method could be to report also the best companion PMI (or PMIs) associated with the existing PMI (the PMI reported if SU-MIMO is assumed) and feedback corresponding companion information related to those to the eNB. A number of proposals have been submitted and discussed at the past meetings along that line, some proposed to feedback a best companion PMI in addition to the best PMI, some proposals feel that there is no need to feedback the companion PMI, but rather pre-define a companion PMI set and feedback the associated companion CQIs [1]
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 \* MERGEFORMAT [2]. At Madrid meeting, some contributions were presented on this subject, which reiterated the need to feedback companion information to improve the link adaptation performance and MU-MIMO scheduling [3]
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 \* MERGEFORMAT [4]. In the way forward on aperiodic PUSCH CQI feedback modes [5], it was agreed that
· The possibility of reporting multiple CQI, and if possible PMI/RI, (for example one targeting SU-MIMO and the other targeting MU-MIMO) and the frequency granularity of the additional CQI (and if possible PMI/RI) is FFS.

In this contribution, some considerations on feedback companion information are discussed, which would take the advantages of companion PMI set as originally introduced in [1]
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[2]. 
2. Feedback companion information
For SU-MIMO, a UE determines its PMI through the search of the codebook, which best matches the channel, and calculates the associated CQI. It then feeds back both the PMI and CQI to the eNB. The eNB selects the corresponding MCS based on the CQI feedback from the UE, and applies the precoding to the transmitted signal using the PMI feedback from the UE. The frequency selective scheduling could also be based on subband CQI information. For MU-MIMO, however, such scheme is not enough due to the course granularity of Rel-8 codebook. It is simply because the eNB does not have accurate enough CSI information to project the channel qualities at the UE side in MU-MIMO case and therefore select right UEs for MU-MIMO pairing and right MCS for link adaptation. Moreover, such a scheme assumes a single user transmission and the effect of other UEs are not considered in PMI or CQI calculations if MU-MIMO transmission is scheduled. Hence, the system throughput performance will be greatly degraded. To improve MU-MIMO performance, additional channel state information needs to be fed back to the eNB. 
A simple but yet efficient way to improve MU-MIMO performance would be to feed back information related to companion PMI. A companion PMI is the PMI in the codebook that leads to the least interference to the UE when it is paired with another UE in MU-MIMO. There are different criteria  for selecting companion PMI, such as leading to least interference, or with the least correlation etc. The companion PMI and its associated CQI could then be fed back to the eNB in addition to the PMI and CQI the UE reported for the transmission that intends for itself. If eNB could see that the feedback from two UEs happen to be complementary to each other, namely one’s SU-MIMO PMI happen to be (or close to be) the companion PMI of the other UE and vice versa, it could pair them in MU-MIMO transmission. Because the PMIs selected for two UE cause the least interference to each other, the UE would see less mutual interference which will lead to an improved performance.
Feeding back companion PMI and relevant information such as CQI would require additional feedback overhead. To ease the increase of such overhead, one possible approach is to pre-define the companion relation between two PMIs, and therefore only the associated companion CQI needs to be reported. Such a concept could be expanded to construct a subset of companion PMIs for each PMI, and the UE could feed back a set of associated companion CQIs corresponding to each companion PMI in the subset. The eNB also has knowledge of such companion subset and therefore could map each associated companion CQI received to its corresponding companion PMI. The companion subset allows eNB have more flexibility in pairing two or more UEs in MU-MIMO transmission. Alternatively, a single associated companion CQI could be fed back instead of multiple associated CQIs. This single CQI could be the smallest companion CQI obtained from the subset. That would reduce the feedback overhead, but still allow the eNB have enough flexibility to do the MU-MIMO scheduling. The drawback is that the MCS selection at the eNB side could be on more conservative side. 
In [5], it was agreed that the feedback modes for Rel-10 would be the extension of Rel-8 for CQI/PMI feedback modes on PUSCH, which are shown in Table 1. In the following sub-sections, some considerations were presented to include companion information in feedback modes on PUSCH to facilitate MU-MIMO transmission. This could serve as the starting point for further discussion on this aspect. 
Table 1 Extension of Rel-8 feedback modes to Rel-10 for CQI/PMI feedback on PUSCH

	CQI/PMI mode
	CQI
	W1
	W2

	1-2
	Wideband CQI for entire system BW
	Single W1: One for the entire system BW (wideband)
	Subband PMI W2

	2-2
	Wideband CQI for the entire system BW + “M-preferred” CQI (for UE-selected bands)
	
	Wideband PMI W2 + “M-preferred” PMI W2 (for UE-selected sub-bands)

	3-1
	Subband CQI
	
	Wideband PMI W2


2.1. Wideband companion CQI   (mode 1-2)
In Rel-8, CQI/PMI feedback mode 1-2 on PUSCH includes a wideband CQI and a set of PMI for set S subbands. In Rel-10, it would be extended to include a wideband W1 and a set of subband W2 as shown in Table 1. To further facilitate MU-MIMO transmission in Rel-10, the feedback of one or multiple wideband companion CQIs could be included in the feedback. This could be especially beneficial for the performance of MU-MIMO transmission in the scenario where the system bandwidth is narrow, and the channel is relatively flat. To be more specific, the following information could be included in feedback mode 1-2
· Wideband CQI (SU-MIMO CQI) 
· Single wideband W1

· Set of Subband PMI W2

· Wideband companion CQIs 
2.2. UE selected subband companion CQI   (mode 2-2)
To support more flexible CQI/PMI feedback, UE selected subband CQI/PMI feedback such as mode 2-2 was specified in Rel-8, which includes the feedback of a pair of wideband CQI/PMI and one pair of CQI/PMI on UE selected subbands. In Rel-10, such mode is modified to include the feedback of a wideband W1, a wideband W2 and a M-preferred PMI W2 for the UE selected subbands. To further facilitate the support of MU-MIMO transmission, companion information such as companion CQI could be fed back on UE selected subbands. To be more specific, the following information could be fed back in mode 2-2 with the consideration of companion information
· Wideband CQI and UE selected subband CQI

· Single wideband W1

· Wideband PMI W2 + UE selected subband PMI W2

· Wideband companion CQI and UE selected subband companion CQIs
2.3.  Higher layer configured subband companion CQI   (mode 3-1)

In Rel-8, mode 3-1 is the higher layer configured subband feedback mode, in which the UE would need to feed back a single wideband PMI and a set of CQIs on set S subbands, one for each subband. In Rel-10, this mode is modified to support a wideband W1 and a wideband PMI W2. To better support the MU-MIMO transmission, companion CQIs could be calculated on each subband and fed back to the eNB. The eNB could then schedule MU-MIMO transmission on certain subbands. To be more specific, the following information could be fed back in mode 3-1 with MU-MIMO transmission in mind
· Wideband CQI and subband CQIs (SU-MIMO CQI)

· Single wideband W1

· Wideband PMI W2

· Wideband companion CQI and subband companion CQIs
In summary,  the CQI/PMI reporting on PUSCH  can be improved in Rel-10 for facilitating MU-MIMO transmission as shown in Table 2. 

Table 2.  Rel-10  CQI/PMI  feedback enhancement for MU-MIMO

	CQI/PMI mode
	CQI
	W1
	W2
	Companion CQI

	1-2
	Wideband CQI for entire system BW
	Single W1: One for the entire system BW (wideband)
	Subband PMI W2
	Wideband companion CQI entire system BW

	2-2
	Wideband CQI for the entire system BW + “M-preferred” CQI (for UE-selected bands)
	
	Wideband PMI W2 + “M-preferred” PMI W2 (for UE-selected sub-bands)
	Wideband companion CQI for the entire system BW + “M-preferred” companion CQI (for UE-selected bands)

	3-1
	Subband CQI
	
	Wideband PMI W2
	Wideband companion CQI +Subband  companion CQIs


3. Other remaining issues
To support the feedback of companion information for MU-MIMO transmission, some other remaining issues may need to be clarified.
3.1. Rank restriction of UE paired in MU-MIMO transmission

The companion information feedback such as reduced PMI and associated CQI could be extended to include mixed rank cases, which can be used to support MU-MIMO transmission among UEs with different ranks . To be more specific, the pre-defined companion PMI subset could be contructed such that the PMI and its companion PMIs are with different ranks. More detail of such design could be found in [2]. That certainly will provide eNB with more flexibility in scheduling MU-MIMO transmission. However, such flexibility at eNB may require extra standardization efforts. Providing the limited meeting time available before function freezing of Rel-10 spec, it might be reasonable to consider only supporting MU-MIMO transmission in Rel-10 with the same rank. If that is favorable by most companies, the companion subset of each PMI could be defined to include only those companion PMIs with the same rank as its best PMI. That could help reducing standardization effort but still introducing some mechanism to improve MU-MIMO transmission.  

3.2. Companion PMI feedback with reduced overhead

Due to the fact that for Rel-8 codebook, the subset of companion PMI could be pre-defined for each PMI, even if the companion PMI needs to be fed back, reduced overhead could be incurred. As described in [2], for example, instead of feeding back 4-bit companion PMI, a 2-bit index for companion PMI in a subset could be used as within each subset of companion PMIs, there are only 4 companion PMIs (using Rel-8 codebook as example). Such feedback could be considered if explicit companion PMI and its associated  CQI needs to be known at eNB for more accurate scheduling and link adaptation need.
4. Conclusion

In this contribution, a number of feedback modes to support companion CQI feedback are described in brief for facilitating MU-MIMO transmission in LTE-A. These modes are the extensions of feedback modes on PUSCH from Rel-8 and could be configured for different scenarios. The final decision on which mode to be adopted could be made based on deployment requirement and overhead consideration. 
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