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1. Introduction

In RAN1#62, it was agreed that the Rel.10 DL MIMO enhancement for 4Tx should be done in terms of the CQI (and if possible PMI/RI) accuracy enhancement for both MU-MIMO and SU-MIMO [1, 2]. Such enhancements are also expected to carry over 8Tx. In RAN1#62bis, two possible enhancements were proposed for PUSCH [3]:

· Re-introduction of PUSCH mode 3-2 [4, 5]: There are two different views on this issue regarding how W2 should be defined.
· MU-MIMO enhancement for PUSCH mode 3-1 [6]: Note that the simple Rel.10 extension of the Rel.8 PUSCH mode 3-1 was already agreed upon in RAN1#62. The proposed MU-MIMO enhancement can be viewed either as a sub-mode of mode 3-1 or an additional mode. 
The way forward [6] can be summarized as follows:
· In addition to Rel-8 Mode 3-1 feedback, UE can be configured via higher layer signalling to report:

· If RI>1 
· a wideband PMI (W) calculated assuming restricted rank=1;

· per subband CQI targeting MU-MIMO operation;

· If RI=1 
· per subband CQI targeting MU-MIMO operation;

· MU-MIMO CQI is computed assuming the interfering PMIs are orthogonal to the SU-MIMO rank 1 PMI
· For 4 TX,
· The total number of co-scheduled layers is assumed to be 4 at the time of MU CQI computation. 
· The 3 interfering PMIs for each SU-MIMO rank-1 PMI are listed in the table below 


[Table]
· As a baseline, uniform power allocation among the 4 layers

· non-uniform power allocation FFS
· For FFS for 2 and 8-TX

This contribution discusses further details related to way forward [6], in particular:
· The definition of MU-CQI
· Alternative solutions for mode 3-1 enhancement
· Performance evaluation
2. Defining MU-CQI in WF [6]
As apparent from [6], the proposed scheme adds MU-CQI on top of the baseline mode 3-1 regardless of the reported RI. For RI>1, a reference wideband PMI assuming rank=1 is needed to define the MU-CQI. Four co-scheduled users with orthogonal precoding vectors (the unitary precoding constraint) are assumed to derive the MU-CQI. Essentially, the motivation for the 4-user co-scheduling assumption is to allow some flexibility for N-user pairing where N could be 2, 3, or 4. For N=2 or 3, three possible precoder-pair hypotheses are available. In regard of such assumption and the overall aspect of the WF [6], the following can be said:
· Taking into account the practical eNB scheduler complexity, it seems reasonable to assume that the most common case of MU-MIMO transmission is the 2-user pairing (N=2). Furthermore, almost all MU-MIMO scenarios that are being studied in RAN1 assume 2-user pairing at most. 
· In this case, the associated MU-CQI defined in WF [6] provides (or at least is proportional to) a lower bound of a 2-user pairing CQI. This can be easily shown via, e.g. the matrix inversion lemma. This, of course, assumes uniform power across all the four co-scheduled users in the MU-CQI calculation. The lower bound is in general inaccurate. Hence, the gain of such MU-CQI is expected to be marginal considering that it is possible to derive a CQI (or at least CQI bounds) which reflects MU-MIMO transmission from SU-CQIs regardless of the transmission rank (see, e.g. [10, 11]) even without any unitary precoding constraint.
· Another alternative for MU-CQI definition is to assume 2-user co-scheduling under a unitary precoding constraint as mentioned in, e.g. [7, 8]. Two possibilities exist here: 1) Use a pre-determined pairing hypothesis for computing the MU-CQI (no signaling is involved), 2) Allow similar flexibility in pairing for the given rank-1 SU-PMI (for 4Tx, 3 to 5 hypotheses are available [9] with 2 to 3 bits of extra signaling). This allows a more accurate MU-CQI report at the expense of either precoder-pair flexibility (which reduces performance gain) or extra signaling (which significantly increases signaling overhead – since the extra signaling is needed for each sub-band).
· Yet another alternative is to still use the 4-user assumption in the WF [6] but modify the uniform power assumption as proposed in [9]. The rationale is for the UE to compute the MU-CQI by assuming a single (instead of 3) fictitious interferer signal which is derived from averaging the 3 interferer hypotheses (under unitary precoding assumption). In the context of 4Tx and the WF [6], this amounts to assigning weighting factors of ½, ¼, ¼, ¼ for the desired precoder and three interfering precoder hypotheses, respectively. This method of MU-CQI computation is intended to provide a more accurate approximation of any 2-user pairing transmission from an MU-CQI computed based on the 4-user co-scheduling assumption. 
· While the MU-CQI derived from this approach is expected to be “closer” to the actual CQI on average, it is unclear if such MU-CQI is an upper or a lower bound of the actual CQI. It is indeed a lower bound of the “mean CQI” assuming 2-user co-scheduling (averaged across 3 hypotheses). This can be derived from the Jensen’s inequality and the fact that the SINR function is convex with respect to the interferer power. Still, the eNB scheduler cannot infer whether such MU-CQI is a lower bound. Hence, if a fudge factor (scheduling back-off) is to be applied, it is unclear what it should be – especially if the exact behavior of each UE is typically unknown to the eNB (unlike what typical system-level evaluation assumes in RAN1). 
· Furthermore, such approach of MU-CQI computation results in the same CQI value irrespective of 3 possible interferer hypotheses. This goes against the very motivation of the 4-user co-scheduling assumption in [6] – which is intended to provide diversity/alternatives for 2-user pairing transmission. If this is to be done for the WF [6], the 4-user co-scheduling assumption (instead of 2-user co-scheduling assumption) in [6] needs to be reconsidered. 
· Lastly, this particular approach seems to require some specification of UE behavior in terms of MU-CQI computation. That is, (in the context of 4Tx) the MU-CQI should assume one fictitious interferer which is derived from averaging the 3 possible hypotheses under a predetermined unitary precoding assumption. While this is a certainly possibility, testing such UE behavior may prove to be an interesting challenge in RAN4. Furthermore, the extension to 8Tx is yet to be seen (e.g. how many interferers should be assumed, what is the assumption of the transmission rank to each user).
· For all practical purposes, the gain from MU-MIMO comes when an SU-MIMO transmission (of RI>1 or in general higher ranks) is not possible, e.g. due to the highly-correlated spatial channel characteristic, lack of data in UE buffer. In this case, having an MU-MIMO capability at the eNB allows the total number of transmission layers to be larger – and hence achieving a MIMO gain which could not have been done otherwise. This implies the following:

· If there is some gain to be reaped from the improved accuracy of MU-CQI, it is for RI=1 (or lower than a certain reference rank in general). 

· Adding some additional MU-CQI components onto RI>1 (assuming a reference rank of l) feedback is expected to offer marginal gain, if any. This is because the eNB is likely to choose an SU-MIMO transmission for such scenario. In this case, the additional accuracy that is intended for MU-MIMO transmission is likely to be unused. 
Keeping the above in mind, the motivation of adding MU-CQI for RI>1 in the WF [6] can be questioned especially considering the potential specification impact of MU-CQI. If some additional CQI components are to be added to allow more SU/MU flexibility for RI>1, it is reasonable to expect that such additional components should be simpler – at least in terms of specification impact. 
Summary:

Based on the above discussion, the overall construct of the WF [6] needs some further consideration especially in terms of: 
· The definition of MU-CQI (interferer hypotheses, assumed number of co-scheduled users, power allocation, what to be specified) 
· The need for MU-CQI for RI>1 is questionable.
3. Possible alternative solutions 
As mentioned at the end of Section 2, if some enhancement for PUSCH mode 3-1 needs to be defined (for a certain reason including one with no regard of performance gain), a simple (or simpler) alternative may be desirable. PUSCH mode 3-2 is of course one candidate as mentioned in Section 1. While mode 3-2 is rather simple, the gain over mode 3-1 is also quite lacking as demonstrated by a number of companies (see, e.g. a companion contribution [12]). 
In previous contributions [7] and [8], multi-rank or rank-restricted feedback was mentioned as a possible enhancement for aiding dynamic SU/MU switching. The multi-rank feedback simply adds a rank-1 SU-CQI (per Rel.8/9) for RI>1 for dynamic switching. Per discussion in Section 2, it is expected that the gain from multi-rank alone is not dramatic since the gain only comes from some additional SU/MU dynamic switching flexibility. At the same time, multi-rank feedback follows the Rel.8/9 CQI feedback mechanism.

Two alternatives can be composed from the use of multi-rank feedback assuming a reference rank of 1 [7, 8] while maintaining the feedback overhead at least the same as the WF [6]. The two alternatives can be described in terms of the language used in the WF [6]:
1. Alternative 1: multi-rank feedback for RI>1
· In addition to Rel-8 Mode 3-1 feedback, UE can be configured via higher layer signalling to report:

· If RI>1 
· a wideband PMI (W) calculated assuming restricted rank=1;

· per subband Rel.8 SU-CQI calculated assuming restricted rank=1;

· If RI=1 
· No additional report;
The above alternative simply follows the Rel.8 paradigm. Hence, there is no additional need for inventing new testing mechanism for such enhancement.

As mentioned above, the gain over the baseline mode 3-1 is expected to be modest. It should be noted, however, that rank-1 SU-CQI serves as a good upper bound for any N-user pairing (again, can be easily demonstrated via the matrix inversion lemma). Unlike the MU-CQI in the WF [6] or any MU-CQI computed from any predetermined precoder-pair hypothesis, a rank-1 SU-CQI can serve as a reasonably good CQI predictor for any pairing hypothesis (unitary or non-unitary) [5, 8]. In that sense, there is no need for any additional feedback component to assist MU pairing for RI=1.
Another advantage of this particular scheme is that it simply applies to any Tx antenna configuration (2/4/8Tx) without any additional work, e.g. defining precoder-pair hypotheses, interferer power assumption.
2. Alternative 2: MU-CQI for RI=1 + multi-rank feedback for RI>1

· In addition to Rel-8 Mode 3-1 feedback, UE can be configured via higher layer signalling to report:

· If RI>1 
· a wideband PMI (W) calculated assuming restricted rank=1;

· per subband Rel.8 SU-CQI calculated assuming restricted rank=1;

· If RI=1 
· per subband CQI targeting MU-MIMO operation;
The above alternative replaces the MU-CQI for RI>1 with rank-1 SU-CQI while still using MU-CQI for RI=1. This scheme is expected to perform about the same as the WF [6] since the gain of MU-CQI (if any) mainly comes for RI=1. While there is no strong technical reason to choose Alternative 2 over the construct in the WF [6] – or vice versa – since the incurred additional complexity of MU-CQI exists in both schemes it is described here as an alternative. 
Summary:
· For RI>1, replacing sub-band MU-CQI with sub-band rank-1 SU-CQI (multi-rank or rank-restricted CQI feedback) is expected to perform as well without the additional baggage from MU-CQI.  

4. System-level evaluation
In this section, we assess the system-level performance of two different PUSCH mode 3-1 enhancements:
· Scheme 1: multi-rank feedback as defined in the above Alternative 1 in Section 3. 

· Scheme 2: MU-CQI scheme described in the WF in [6] 

The above two enhancements are compared with the baseline PUSCH mode 3-1 for the relevant case in 4Tx scenario (a pair of dual-polarized array). It should be noted that the aim for MU-MIMO enhancement discussed in the previous meetings is in the context of 4Tx. The results are given in Table 1 along with the simulation assumptions in Table 2. Some additional assumptions are:
· For MU-MIMO transmission, the scheduler selects a 2-user pairing which maximizes a throughput metric within all the possible precoder-pair hypotheses including both unitary and non-unitary. 
· For Scheme 1, the CQIs associated with all the precoder-pair hypotheses are derived from the rank-1 SU-CQI. See [10] for further details.
· For Scheme2, the CQIs associated with the unitary precoder-pair hypotheses are obtained from the MU-CQI feedback. Meanwhile the CQIs associated with the non-unitary precoder-pair hypotheses are only available for RI=1 which are obtained from the available rank-1 SU-CQI reports. Hence, only unitary precoder-pair hypotheses are available for RI>1. 
· MU-CQI calculation is based on uniform power allocation assumption which was the baseline of WF [6]. 

· We choose the low angular spread (8-deg) assumption which is more favorable for MU-MIMO.

Table 1: System-Level Performance of 4x2 MU-MIMO

	Throughput metric
	PUSCH Mode 3-1 (baseline)
	Scheme 1 (multi-rank)
	Scheme 2 (MU-CQI [6])

	Cell Average 
	1.845 Mbps (0.0%)
	1.940 Mbps (5.1%)
	1.945 Mbps (5.4%)

	5% cell edge
	0.051 Mbps (0.0%)
	0.054 Mbps (5.8%)
	0.054 Mbps (5.8%)


Table 2: System-level simulation assumptions
	Parameter
	Assumption

	Antenna configuration
	4Tx dual-polarized 
2Rx dual-polarized

	Bandwidth
	10 MHz

	UE Speed
	3 kmph

	Channel model
	3GPP Case1 with SCM system-level model, urban macro

Low angular spread (8-deg)

	CQI/PMI periodicity
	5 ms

	Rank adaptation
	Enabled

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	MU Beamforming
	Zero-forcing for non-unitary, 2-user pairing

	HARQ
	Chase combining, maximum 3 retransmissions

	Scheduling delay
	6 ms

	UE receiver
	Linear MMSE


The following can be observed from the above results:
· The gain of Scheme 1 or 2 over the baseline mode 3-1 is in the order of 5% – which is marginal considering the extra overhead of both schemes and in addition the specification impact of MU-CQI for Scheme 2.

· Both multi-rank and MU-CQI [6] perform essentially the same. This indicates the following: 
· The 5% gain from both schemes mainly comes from the extra flexibility of SU/MU switching for RI>1. In this case, the extra rank-1 SU-CQI (which accommodates both unitary and non-unitary precoder-pair hypotheses) can match the performance of MU-CQI (which accommodates only unitary precoder-pair hypotheses).
· For RI=1, the additional MU-CQI does not seem to significantly improve the CSI accuracy on top of the rank-1 SU-CQI which is already available from the baseline mode 3-1 reporting. This is expected since – as mentioned in Section 3 – rank-1 SU-CQI can serve as a reasonably good CQI predictor for any pairing hypothesis (unitary or non-unitary) [5, 8].
· It could be argued that the performance of MU-CQI (Scheme 2) may be slightly improved by using non-uniform power allocation [6, 9], i.e. deviating from the baseline in the WF [6]. But as discussed in Section 2, this should make us question the basic assumption of 4-user co-scheduling in the WF [6], i.e. whether a 2-user co-scheduling assumption is indeed a better choice since non-uniform power allocation is a form of 2-user co-scheduling. At the same time, the anticipated specification complexity issue of non-uniform power allocation does not seem encouraging considering the tight timeline for Rel.10.  
Summary:
· The gain of MU-CQI in the WF [6] over the baseline mode 3-1 is approximately the same as that offered by the multi-rank feedback.

· Either way, the gain over the baseline mode 3-1 is marginal.
5. Conclusion
This contribution reconsidered the mode 3-1 enhancement proposal in the way forward [6]. Based on the quantitative and qualitative analysis in this contribution, the following is concluded in the 4Tx dual-polarized scenario (which is the relevant scenario for MU-MIMO enhancement):
· Adding any MU-enhancing component for RI>1 report (multi-rank or MU-CQI) does not offer significant gain over the baseline mode 3-1. Note that multi-rank follows the Rel.8 CQI paradigm unlike the MU-CQI.
· The MU-CQI scheme described in the WF [6] does not offer significant gain. 
 In light of the above, insisting on the MU-CQI enhancement [6] on top of the baseline PUSCH mode 3-1 seems difficult to justify in the remaining time for Rel.10 unless some more efficient yet simple construct comes about. This assumes that performance-complexity trade-off over the baseline mode 3-1 for 4Tx dual-polarized scenario is the determining factor for specifying an enhancement (which is our understanding thus far).
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