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1
Introduction
This paper summarizes our views on potential feedback enhancements targeted by the further enhanced MIMO work item [1].  The work item description (WID) specifically mentions four candidate schemes which include (1) codebook enhancements for 4Tx; (2) enhanced CQI/PMI derivation targeting MU-MIMO; (3) finer frequency domain granularity; (4) new CSI feedback mode providing subband CQI and subband PMI (“PUSCH 3-2”).
Among these techniques, we propose to focus on the second enhancement, which targets improved MU-MIMO operation.  This preference is motivated by evaluation results that show noticeable gain with this enhancement. 
2
Proposed MU-CQI feedback scheme
CSI feedback in LTE is computed under the assumption of SU-MIMO operation.  Although support for improved MU-MIMO operation was added in Rel-10, e.g., in terms of dynamic switching between SU- and MU-MIMO operation, the network is required to extrapolate CQI values reported by the UE to account for inter-user interference.  Inevitably, this leads to larger CQI inaccuracy than for SU-MIMO which negatively affects link adaptation performance and diminishes the achievable MU-MIMO gain. 
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	Figure 1: Illustration of the proposed MU-CQI feedback scheme


Providing feedback of CQI under an MU-MIMO assumption (“MU-CQI”) was considered in Rel-10 and has the potential for noticeable performance gain [4].  A fundamental issue in specifying MU-CQI is to determine what precoding assumption should be made for the co-scheduled layer.  This paper proposes to feed back more than a single MU-CQI such as to provide MU-CQI values under various co-scheduling assumptions.  At the network, this obviates the need to extrapolate CQI at least partially and thus improves link adaptation.  The additional overhead associated with providing multiple MU-CQI feedback values can be alleviated by encoding the MU-CQI as a wideband offset relative to the subband SU-CQI provided as part of regular aperiodic feedback reporting (e.g., PUSCH 3-1).  
The proposal presented in this paper is summarized in Fig. 1.  A UE configured with MU-CQI reporting provides CSI feedback under a regular SU-MIMO assumption (as today) and additionally provides a set of K MU-CQI values which are encoded as wideband offset values relative to the rank-1 SU-CQI.  Each of the K MU-CQI values assumes that the desired layer consists of the rank-1 PMI (as the desired layer) and one interfering rank-1 PMI (as the co-scheduled layer).  The precoder assumption associated with each hypotheses is known to both network and UE (e.g., by specification or through signaling).  Note that the set of hypotheses may depend on the index of the selected desired rank-1 PMI.  From an overhead perspective, the MU-CQI’s encoding as a wideband offset allows the configuration of larger values of K. 

Figure 1(b) also captures the case in which the UE provides rank-2 SU-MIMO feedback.  In this case, it is assumed that an additional rank-1 PMI is conveyed to the network, together with a wideband rank-1 CQI that serves as a reference for the offset MU-CQI values.  As these additional parameters are conveyed wideband, the additional overhead associated with them remains acceptable.  Further optimizations could be considered, for example along the lines of unified feedback.  
The above discussion assumed aperiodic feedback reporting based on PUSCH 3-1.  While we consider this the target use case, MU-CQI reporting as discussed above could also be considered for periodic feedback.  For example, cycling across MU-CQI assumptions could be performed to provide feedback under multiple hypotheses.  The concept of a precoding type indicator (PTI) could be reused to incorporate such feedback into existing reporting modes and to enable the UE to switch MU-CQI reporting on and off.  
Proposal 1: 

· Focus on MU-CQI feedback under several precoder hypotheses to improve MU-MIMO operation

· Wideband offset encoding should be employed to reduce the overhead associated with MU-CQI feedback 

3
Performance results and overhead impact

The performance gain associated with the proposed MU-CQI feedback scheme of Sec. 2 was evaluated based on system-level simulations.  Both Scn-A and Scn-C2 [5] were considered and additional evaluation parameters are shown in the appendix.  
For the MU-CQI enhancement, we consider both the case where the additional MU-CQI is provided on a per-subband level (“MU-CQI per subband”) without performing wideband-offset encoding, and the case where such wideband encoding is performed (“MU-CQI wideband offset”).  The former scheme is not proposed as a practical solution, but rather shown as a reference. 
3.1
Evaluation results for Scn-A

Evaluation results for Scn-A are shown in Tables 1 and 2 for X-pol and ULA antenna configuration, respectively.  SU/MU-MIMO operation with dynamic switching based on Rel-10 feedback is considered as the performance baseline, but SU-MIMO performance (without MU-MIMO) is also shown as a reference.  
For X-pol setups, we do not observe any gain by performing MU-MIMO operation.  On the contrary, one needs to take care not to compromise overall performance by introducing dynamic switching between SU/MU-MIMO.  The reason for this behavior is that X-pol setups allow many UEs to perform rank-2 SU-MIMO (as the channel is not rank deficient).  Performing MU-MIMO operation for two UEs (rank-1 each) leads to the same number of transmitted layers from a network perspective but incurs some performance loss due to reduced link adaptation accuracy.  
For ULA setups, modest performance gain is achieved with dynamic SU/MU-MIMO (approximately 5%).  With the proposed MU-CQI scheme, the performance gain can be increased noticeably by approximately 15% for the proposed scheme using MU-CQI with wideband offset encoding.  
Table 1: Summary of performance results for Scn-A (4Tx, X-pol, 0.5λ).

	Scheme
	5% UE 
throughput [Mbps]
	Median UE throughput [Mbps]
	Average UE throughput [Mbps]

	Rel-10 SU-MIMO
	0.929
	2.017
	2.331

	Rel-10 SU/MU-MIMO
(baseline)
	0.905

(-3% w.r.t. SU)
	1.971

(-2% w.r.t. SU)
	2.289

(-2% w.r.t. SU)

	Proposed MU-CQI enh. 
(MU-CQI per subband)
	0.851
	-6%
	2.010
	+2%
	2.302
	+1%

	Proposed MU-CQI enh. 
(MU-CQI wideband offset)
	0.781
	-14%
	1.906
	-3%
	2.209
	-3%


Table 2: Summary of performance results for Scn-A (4Tx, ULA, 0.5λ).

	Scheme
	5% UE 
throughput [Mbps]
	Median UE throughput [Mbps]
	Average UE throughput [Mbps]

	Rel-10 SU-MIMO
	0.924
	1.968
	2.182

	Rel-10 SU/MU-MIMO
(baseline)
	0.889

(-4% w.r.t. SU)
	2.060

(+5% w.r.t. SU)
	2.273

(+4% w.r.t. SU)

	Proposed MU-CQI enh. 
(MU-CQI per subband)
	0.920
	+3%
	2.559
	+24%
	2.719
	+20%

	Proposed MU-CQI enh. 
(MU-CQI wideband offset)
	0.869
	-2%
	2.402
	+17%
	2.520
	+11%


Table 3: Summary of performance results for Scn-C2 (4Tx, X-pol, 0.5λ).

	Scheme
	5% pico UE 
throughput [Mbps]
	Median pico UE throughput [Mbps]
	Average pico UE throughput [Mbps]

	Rel-10 SU-MIMO
	2.194
	6.485
	7.483

	Rel-10 SU/MU-MIMO
(baseline)
	2.203

(+0% w.r.t. SU)
	6.501

(+0% w.r.t. SU)
	7.464

(-0% w.r.t. SU)

	Proposed MU-CQI enh. 
(MU-CQI per subband)
	2.167
	-2%
	6.213
	-4%
	7.253
	-3%

	Proposed MU-CQI enh. 
(MU-CQI wideband offset)
	2.214
	+0%
	6.368
	-2%
	7.407
	-1%


Table 4: Summary of performance results for Scn-C2 (4Tx, ULA, 0.5λ).

	Scheme
	5% pico UE 
throughput [Mbps]
	Median pico UE throughput [Mbps]
	Average pico UE throughput [Mbps]

	Rel-10 SU-MIMO
	2.453
	4.824
	5.593

	Rel-10 SU/MU-MIMO
(baseline)
	2.617

(+7% w.r.t. SU)
	5.583

(+16% w.r.t. SU)
	6.205

(+11% w.r.t. SU)

	Proposed MU-CQI enh. 
(MU-CQI per subband)
	3.092
	+18%
	6.607
	+18%
	7.235
	+17%

	Proposed MU-CQI enh. 
(MU-CQI wideband offset)
	2.988
	+14%
	6.302
	+13%
	6.988
	+13%


3.2
Evaluation results for Scn-C2

Evaluation results for Scn-C2 are shown in Tables 3 and 4 for X-pol and ULA antenna configurations, respectively and the same set of schemes is evaluated as in Scn-A.  

Qualitatively, the evaluation results mirror the trends observed for Scn-A.  No MU-MIMO gain is achievable with X-pol and the proposed MU-CQI schemes does not show any benefit.  For ULA configurations, noticeable gain is observed which again amounts to approximately 15% assuming wideband encoding of the MU-CQI.  

3.3
Overhead impact

The uplink overhead impact associated with the proposed MU-CQI feedback scheme is analyzed in Table 5 and contrasted with PUSCH 3-2 without such feedback.  It can be seen that the overhead increase is less than the one associated with a possible introduction of PUSCH 3-2. 
Table 5: Overhead comparison between PUSCH 3-1 with MU-CQI and PUSCH 3-2 (4Tx; N=9 subbands). 
	Reporting field
	PUSCH 3-1
Rel-10
	PUSCH 3-1 
 with MU-CQI
	PUSCH 3-2

	
	RI=1
	RI=2
	RI=1
	RI=2
	RI=1
	RI=2

	RI
	1
	1
	1
	1
	1
	1

	PMI
	4
	4
	4
	4
	4 N
	4 N

	Addtl. PMI (rank-1)
	—
	—
	—
	4
	—
	—

	CQI (wb)
	4
	8
	4
	8
	4
	8

	CQI (sb)
	2 N
	4 N
	2 N
	4 N
	2 N
	4 N

	CQI (wb; rank-1)
	—
	—
	—
	4
	—
	—

	MU-CQI
(wb offset)
	—
	—
	2 K
	2 K
	—
	—

	Total (K=8)
	27
	49
	43
	73
	59
	81


3.4
Conclusions
Based on the evaluation results, we conclude that noticeable gain can be achieved with MU-CQI for ULA deployments, while no gain is achieved for X-pol configurations.  This observation is aligned with past results [2, 3] that showed limited potential for MU-MIMO gains in X-pol setups, even with idealistic CSI feedback assumptions.  In fact, the results in [2, 3] also show that only limited SU-MIMO gains could be achieved with codebook refinement in X-pol setups.  
The achievable gains for ULA setups are noticeable which motivates our view to focus on this type of enhancement in this work item.  The reporting of MU-CQI should be configurable such as to enable the network to only configure this type of feedback in scenarios where performance gain is expected.  The overhead increase associated with MU-CQI reporting is less than the overhead that would be incurred from introducing a PUSCH 3-2 reporting mode. 
Proposal 2: 

· Performance gains of approximately 15% can be achieved with MU-CQI in ULA setups

· Uplink overhead increase due to MU-CQI is smaller than what would be incurred from introducing PUSCH 3-2
4
Comparison with other potential enhancements
Compared with other potential feedback enhancements we see benefits in focusing on MU-CQI related enhancements.  In particular, codebook enhancements for 4Tx have the drawback of the significant standardization complexity associated with codebook design.  Further, the related Rel-12 study items on 3D- and FD-MIMO may also require support of additional CSI feedback.  This should be taken into account in deciding whether the addition of an additional codebook is needed.  In contrast, the proposed MU-CQI enhancements may be forward compatible with some of the 3D/FD  MIMO enhancements. 

The remaining two enhancements, which target finer subband granularity and subband PMI feedback, may be considered in conjunction with MU-CQI feedback to provide additional gain.  However, both proposals are associated with additional overhead increase that needs to be taken into account in this tradeoff. 
Proposal 3: 

· Codebook enhancements are considered a lower priority due to their standardization complexity but could be considered as part of related Rel-12 MIMO studies on 3D/FD MIMO.
· Finer frequency granularity and/or PUSCH 3-2 could be considered on top of MU-CQI is their associated performance gain justifies the additional overhead. 
5
Conclusions

Proposed MU-CQI feedback scheme
· Focus on MU-CQI feedback under several precoder hypotheses to improve MU-MIMO operation

· Wideband offset encoding should be employed to reduce the overhead associated with MU-CQI feedback 

Performance results and overhead impact

· Performance gains of approximately 15% can be achieved with MU-CQI in ULA setups

· Uplink overhead increase due to MU-CQI is smaller than what would be incurred from introducing PUSCH 3-2

Comparison with other potential enhancements

· Codebook enhancements are considered a lower priority due to their standardization complexity but could be considered as part of related Rel-12 MIMO studies on 3D/FD MIMO.

· Finer frequency granularity and/or PUSCH 3-2 could be considered on top of MU-CQI is their associated performance gain justifies the additional overhead. 
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Appendix

Table 6: Evaluation assumptions.

	Parameter
	Value

	Channel model (Scn-A)
	- Macro part of the ITU CoMP Scn-3/Scn-4 channel model as specified in TR36.819 and [6]

- 100% of UEs located outdoors

	Channel model (Scn-C2)
	- ITU CoMP Scn-3/Scn-4 channel model as specified in TR36.819 and [6]

- 100% of UEs located outdoors

	Cellular Layout
	Homogeneous, 21 cells, (4picos/cell for Scn-C2)

	Bandwidth
	10MHz

	Traffic
	Full buffer

	Association
	Largest received power; no bias

	Number of Tx/Rx antennas
	4Tx, 2Rx

	Transmission scheme
	- For SU-MIMO: SU-MIMO with rank-adaptation

- For SU/MU-MIMO: SU/MU-MIMO with dynamic switching; rank-adaption considered for SU-MIMO

	Scheduler
	Proportional fair

	MU-MIMO pairing
	- Exhaustive search based on summed PF-metric

- Pairing 2UEs with rank-1 each

	Feedback
	- For Rel-10: Implicit RI/PMI/CQI using Rel-10 codebooks; PUSCH 3-1 reporting
- For MU-CQI: provided either per subband or by wideband offset for all rank-1 co-scheduling hypotheses (K=16). 

	Subband granularity
	6RBs

	Receiver type
	MMSE-IRC

	Overhead assumption
	- 2CRS ports, DM-RS, and 2 control symbols

- No MBSFN subframes
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