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1. Introduction
For 4 Tx in Release 10, it was agreed last meeting to reuse the same single-component codebook as defined in Release-8. CQI enhancement for MU represents an additional area to improve support for MU operation in Release-10.
The CQI for SU-MIMO as in release-8 is well defined with a clear hypothesis for the UE to factor in actual implementation and is also testable.  A similar definition of MU-CQI at the UE could be challenging. This contribution discusses a simple approach to address reliable computation, feedback, and other related signaling aspects of multi-user CQI (MU-CQI).

To support MU-CQI in Release-10, we target the following objectives:

1) The additional CQI should not significantly increase the overhead of the current feedback modes.  MU-CQI may be sufficient to be feedback on a wideband basis, and multiplexed with SU and may also be feedback less often. This takes advantage of the fact that SU-CQI already captures some information.
2) SU-CQI should always be fed back regardless of whether MU-CQI is included, to enable robust fallback operation.
2. MU-CQI Enhancement 
Our proposal for MU-CQI enhancements is introduced in our previous contribution [9]. An eNB indicates a companion PMI or a set of such PMIs. Specifically, it restricts UE to report MU-CQI based only on companion PMIs that are useful from eNB perspective. The indication is based on higher layer signaling and only updated semi-statically and captures the long-term properties of the preferred MU pairing. The UE simply uses the indicated PMI as a hypothesis of the interferer for computing CQI. If multiple PMIs are reported, multiple MU-CQI(s) can be supported with cycling for lower overhead PUCCH modes or including more than one report with PUSCH. The feedback overhead scales well as only wideband CQI is reported.

eNB Scheduler 
Based on the history of the reported PMIs (and the supported RI information) from active UEs, eNB determines potential pairs for MU on a long-term window. For each UE, the PMIs of the pairing UEs are indicated by RRC signaling along with other higher layer configuration parameters, and updated as needed. In a typical operation, an eNB may determine the set of most likely UEs it expects to pair based on a) UE location and channel (AOD at eNB, LOS/nLOS.) b) UE geometries → UEs within certain SU-CQI difference could be paired together and c) UE traffic & QOS constraints. Further the PMI indicated also includes the rank information of the interferer(s).
UE Feedback

UE determines SU CQI/PMI/RI based on the feedback mode configured. A single wideband MU-CQI is reported corresponding to each indicated PMI. The MU-CQI can be reported as an offset/delta CQI to wideband SU-CQI. The CQI is computed based on the hypothesis that the indicated PMI(s) is scheduled for MU transmission.
We expect MU to be widely used mainly in correlated antenna scenarios and especially based on long-term channel information. This could for example be based on W1 in double codebook for 8Tx or captured by the DFT-based PMIs in the Release-8 codebook.  This is especially true given the current codebook designs that are mainly targeted at improving SU performance and the double-codebook counter parts, which use a long-term+short-term codebook design.  To realize MU gains in uncorrelated antenna configurations, much higher feedback overhead may have to be supported, which does not only need subband based feedback but improved accuracy as well.

Hence one wideband MU-CQI is preferred, which is sufficient to capture the UE implementation aspects and account for the MU interference in the CQI. This also minimizes additional feedback overhead required to support MU-CQI for new feedback modes.  Note that this approach can include an orthogonal set as a special case as well, but allows greater eNB flexibility depending on the UE distribution and scheduling restriction. 
2.1. RRC Signaling Example
Given the long-term aspect of MU-pairing, semi-static RRC signaling is sufficient to convey this information to the UE along with other CSI reporting information.  We provide an example signaling design for illustration purposes. Overhead is not a significant issue for RRC signaling and other designs may be used as well. Our main objective is to be able to flexibly convey the PMI and rank information of interferer to the UE for MU-CQI computation.
A straightforward encoding is to take into account the agreed baseline for number of MU UEs and layers, which is a maximum of 4 total layers and 2 layers per UE. In this case, we could consider an MU transmission where interference could be from using 
1) up to 3 rank 1 UEs 
2) A rank 2 UE 
3) No interferer. 
when MU-CQI is to be reported with the reporting user’s rank being 1 or 2. This leads to a total of 
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 (for up to 3 rank 1 interferers) + 16 (for rank 2) + 1(no interferer). This would require 10 bits of signaling. This would include both the information of layers and the individual interferer PMIs. Additional hypotheses on interference PMI could be included by appropriate scaling of overhead. For example, two hypotheses can be included by signaling with 20 bits. Additional restrictions may be placed on the precoder, for example, limiting to the DFT type precoder, although such optimizations are not strictly necessary and could be left to eNB implementation. 
The signaling format extended to 8Tx would be based on W1 codebook that carries only long-term information and similar signaling is reused with 16 code words for W1. However, since overall precoder is based on both W1 and W2, some assumption on W2 needs to be pre-defined. Clearly, W2 mainly captures only short-term information. A simple approach is to assume that a UE averages over the W2 codebook, which does not add significantly to the UE complexity since only co-phasing needs to be averaged upon.

A new RRC reconfiguration message is sent to update the parameter as needed by the eNB. As with any RRC reconfiguration there will some uncertainty period of the order of 10-20ms corresponding to the processing delays at the UE and additional scheduling delay. The eNB can just ignore the MU-CQI for this period. Further if MU-CQI is dropped corresponding to the case when “no interferer PMI” is signaled, the payload is smaller, when eNB chose to use SU operation only. To avoid ambiguity at the eNB in the “transition period”, one solution is to simply include MU-CQI always. Otherwise, since this only occurs infrequently and eNB is generally aware of it, it may not be a big issue.
2.2. Feedback Modes
Further details of feedback modes are discussed in the other contributions. The main points are summarized below. 
For PUCCH, wideband MU-CQI is added as an additional report. 
· A wideband rank 1 MU-CQI is reported only for lower rank SU reports, differentially encoded to the SU-CQI report.
For PUSCH, MU CQI(s) is similarly appended to the UCI. 
· Wideband rank 1 MU-CQI is reported only for lower rank SU reports. More than one wideband MU-CQI report can be supported in this case, if eNB is configured to indicate multiple interfering PMIs. Subband MU-CQI reports may be derived based on the subband SU-CQI, wideband SU-CQI and wideband MU-CQI reports. 
· Subband vs Wideband MU-CQI: In our proposal, we have a preference for wideband MU-CQI reports, since a UE is not aware of the “subband specific” aspect of MU interference except that its own SU-PMI may change from subband to another.  However, an implicit/pre-defined hypothesis would change along with SU-PMI. However, it is highly unlikely that an eNB will be able to find and pair users at subband level based on such predefined pairs, in which case it is also an approximation. 

One of the proposed feedback modes is copied below. Other modes are described in [10]

 REF _Ref273974481 \r \h 
[11].
	Report 1
	Report 2

	RI+W1
8 Rx: 16+16+4+4+2+2+2+1 = 47 (6 bits)

4 Rx: 16+16+4+4 = 40 (6 bits)

2 Rx: 16+16 = 32(5bits)


	Wideband W2

Wideband CQI

If RI=1: W2 (4 bits) + Rank 1 SU-CQI (4 bits) + Rank 1 differential MU-CQI (3 bits)

If RI=2: W2 (1 bit) + Rank 2 SU-CQI (7 bits) + Rank 1 differential MU-CQI (3 bits)

If RI>2: W2 (<=4 bits) + SU-CQI (7 bits)


Table 1 - 8Tx PUCCH 1-1 Supporting MU-CQI
3. Comparison to other Proposals
Some of the solutions for MU-CQI are discussed in ([2]-[8]). They can be summarized as follows,
Rank-restricted SU-CQI or a single CQI for both reports
In this case, eNB uses reports of SU-CQI to estimate MU-CQI. However, coarse approximation of MU-CQI potentially may lose any gain with MU. More importantly, it does not factor in UE-implementation of MU receiver. Outer loop correction is also more challenging compared to SU.
Signaling additional (companion) PMIs from the UE
Additional reports of PMI/CQI help eNB scheduling and pairing decisions. It is a UE centric design in that eNB scheduling restrictions are not always accounted for, but on the other hand UE implementation is accounted for accurately.  However, realizing full benefits may require many additional PMI/CQI reports, which could be an undesirable trade-off of scheduling flexibility and overhead, unless there are a large number of “geographically” well-spaced active UEs.  
Predefined Orthogonal Sets for each PMI
Companion PMI sets are pre-defined for each PMI in the codebook. A UE simply reports an average CQI for MU based on such set. An example is the set is defined to be based on orthogonal PMIs to the reported PMI. One advantage is that the UE implementation is captured.  The main concern in this case is the assumption that orthogonal PMIs are always scheduled and the CQIs corresponding to these PMIs are more or less equal. Further this also does not capture the information of the number of layers of the interferer.
4. System Simulation Results
The results are shown below for 4Tx closely-spaced and widely spaced ULAs based on wideband scheduling. The MU scheduling is limited to 2 layer MU, and eNB indicates two different rank-1 interfering PMIs. The PMIs are updated every 1s, which is the length of the drop. PUCCH Mode 1-1 extension with MU-CQI [10] is used in the results.
	            4Tx 1/2L ULA 
              (SE - bps/Hz)
	SU/MU (Mean) 
	SU/MU (5%) 

	Scheme 1

(Based on SU-CQI)
	2.30 
	0.050 

	Scheme 2

(Based on MU-CQI) 
	2.39 (3.9%) 
	0.055 (10%) 


	
 4Tx 4L ULA
                (SE - bps/Hz)
	SU/MU (Mean) 
	SU/MU (5%) 

	Scheme 1

(Based on SU-CQI)
	1.96 
	0.041 

	Scheme 2

(Based on MU-CQI) 
	2.07 (5.6%) 
	0.045 (9.8%) 


Performance gains are about 4-6% in cell-average and about 10% in cell-edge respectively. 
5. Conclusions

In this contribution, we share further details and evaluation results for MU-CQI feedback in Release-10. The evaluation results show significant gains for MU (4-6% for cell-average and 10% for cell-edge) with long-term PMI indication to the UE. The proposed approach enables MU-CQI support using a simple and straightforward approach minimizing overhead and UE complexity, enabling specific UE implementation support and more accurate CQI prediction at eNB. 

Based on this discussion and some of the similar proposed schemes, we have the following recommendation for CQI enhancements for Release-10
Proposal:  

Additional MU-CQI report (in addition to corresponding SU-CQI) is beneficial and related support in feedback modes should be enabled in Release-10.  
· Details of companion PMI hypothesis at the UE FFS
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APPENDIX

	Parameter
	Value

	Channel Model 
	ITU Urban Micro (3kmph)

	Antenna Configuration 
	4 Tx eNB: 0.5/4 lambda ULA;    2 Rx UE: XPOL 

	Deployment 
	FDD, 10 MHz, 19 sites, 3 sectors per site ; 10 UEs per sector 

	Scheduler 
	Proportional fair and frequency selective scheduling; Scheduling granularity of one subframe (dynamic on a subframe basis); Sum proportional fair rate for MU; 
eNB indicates two preferred PMIs every 1s (length of drop simulated).

	Link adaptation 
	Non Ideal CQI ; Delayed based on PMI feedback;
1) MU CQI estimated based on SU CQI at eNB OR 2) Feedback based on indicated PMIs from eNB
Outer Loop Link Adaptation 

	Feedback Impairments (CQI, PMI) 
	PUCCH Mode 1-1 extension with MU-CQI; Wideband Feedback: 
Reporting period: 5 ms for PMI and 50ms for Rank; (assuming 5ms CSI-RS configuration); Minimum Delay: 5 ms; MU-CQI Period 10ms; 

	Overhead 
	Control channel of 3 symbols; RS for 4 as in Release 8 for Control symbols; 12 in Data Symbols 

	Mode Switching 
	Wideband Rank Feedback; Wideband Mode Switching 

	Traffic Model 
	Full Buffer 

	MIMO Mode 
	SU-MIMO Rank 1, MU 1+1  (Zero-Forcing Precoding)

	Interference Modelling 
	6 Significant interferers (Post beamforming interference considering  scheduling and beamforming from these cells); Rest of the interferers modelled as flat fading 

	UE Receiver
	 MRC for rank 1 SU. IC receiver for MU. No inter-cell interference cancellation

	HARQ
	Max 4 retransmissions; Synchronous non-adaptive HARQ (chase combining); 


Table 2 - System Simulation Assumptions
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