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1	Introduction
In the last #72bis meeting, WF on MU-CSI in [1] was proposed to improve MU-MIMO performance. The first two options therein seem to be in fact based on the feedback of MU-CQI. We will call the first option “CSI-IR based MU-CQI” [2], [3] and the second one “CSI-RS based MU-CQI” [4], [5], respectively. 
As a promising complement to the above MU-CQI feedback schemes, a new MU-CSI feedback was also introduced in [6] to flexibly co-schedule more than 2 UEs, requiring a moderate feedback overhead increase. The new scheme is not to let UEs report MU-CQI itself but to assist the network to reliably estimate MU-CQI. In this contribution, we present more details of the proposed MU-CSI feedback with focus on higher-order MU-MIMO scenarios, e.g., the rank-2 CSI case, a bit common in X-pol antenna configurations.
2	Proposed MU-CSI feedback scheme
2.1	Motivation
The biggest hurdle that hinders the advent of appreciably enhanced DL-MIMO schemes would be the inaccuracy of CSI feedback (in particular, MU-CQI). The current LTE DL-MIMO scheme that includes Rel-8 and Rel-10 type codebooks with related CSI feedback schemes focuses on SU-MIMO and it performs very well in SU-MIMO. In the context of MU-MIMO, however, it could not realize a notable MU-MIMO gain over SU-MIMO performance mainly due to the inaccuracy of MU-CQI. It is well known that in contrast to the SU-MIMO case, the MU-MIMO operation requires a sufficiently accurate CSIT to realize its promising gain. As we know, SU-CSI may help the network to predict MU-CQI. However, it has turned out to bring no appreciable gain due to the inaccuracy of MU-CQI prediction based on SU-CSI. The difficulty to calculate MU-CQI is that UE should take too many precoder hypotheses into account, which may incur too much feedback overhead increase. Moreover, a major issue of MU-CSI would be that there is currently no appreciable MU-MIMO gain in X-pol configurations. This is because co-scheduling 2 UEs with single layer each may be equivalent to rank-2 SU-MIMO in X-pol setups from a network perspective, as reported in [5]. 
The current Rel-11 CSI feedback schemes in LTE seem unlikely to support more than 2 co-scheduled UEs. To fully realize a potential gain of MU-MIMO, we should be able to co-schedule as many UEs as possible, requiring no significant DM-RS and feedback overhead increase. This capability is highly desirable for the forward compatibility to Rel-12 and beyond (e.g., elevation beamforming and FD-MIMO SI), where the network is supposed to co-schedule much more than 2 UEs with large-scale Tx antennas. In this context, our goal is to enable the network to calculate accurate MU-CQI under the assumption of pairing more than two UEs, not incurring unrealistic feedback overhead increase. 
Observations : 
· We should realize an appreciable MU-MIMO gain in X-pol antenna configurations
· The real capability of co-scheduling more than 2 UEs is crucial for the forward compatibility to Rel-12 3D-MIMO and beyond, in which higher-order MU-MIMO scenarios are required
2.2	MUI feedback
In order to avoid the difficulty in calculating MU-CQI at the UE side and to achieve the above goals, we let the network to compute MU-CQI with the aid of additional feedback from UEs. The additional feedback that we propose is the knowledge of multi-user/UE interference. We call this type of MU-CSI feedback as MUI (multi-user/UE interference indicator).  We assume here all UEs are equipped with two receive antennas.
2.2.1	Rank-1 CSI case
For rank-1 SU-MIMO, UE k maps the post (i.e., after taking its receiver algorithm into account) SINR, denoted by [image: ], into SU-CQI (expressed as one of 4-bit MCS levels) as follows. 
[image: ]
where [image: ] is the 2×4 channel matrix, [image: ] is the rank-1 PMI of UE k, [image: ] is the receive combiner, and [image: ] is the (noise plus) inter-cell interference term.  Let S denote a set of MU-PMIs to be potentially co-scheduled with PMI i. and also let S be the size of S. With respect to PMI   S, we define MUI (denoted by [image: ]) as the inverse of signal-to-interference ratio 
[image: ]
Albeit the above quantity is not literally multi-UE interference, it is intended to avoid the redundancy that, without this type of MUI [image: ], UE should report an additional feedback [image: ] for the network to estimate MU-CQI. With this MUI feedback, the network can reliably estimate MU-CQI of a variety of possible UE/PMI combinations. For example, in case of co-scheduling 2 UEs, the post SINR of UE k under the assumption of pairing with PMI a can be written as 
[image: ]
where we assumed the equal power allocation between 2 UEs. For 3-UE co-scheduling, the post SINR of UE k co-scheduled with two PMIs a and b is


This is also the case with co-scheduling 4 UEs. Consequently, assuming S = 3, we have 7 = 3 (2 UEs) + 3 (3 UEs) +1 (4 UEs) possible MU hypotheses instead of just 3 MU hypotheses for co-scheduling 2 UEs.
It is an implementation issue that a UE transforms its SINR into SU-CQI and that the network may estimate MU-CQI based on the reported SU-CQI. Likewise, it would be the case that the network reconstructs the SINR of UE k based on SU-CQI and then selects an appropriate MCS (i.e., MU-CQI) from the approximate SINR (denoted by [image: ]) and MUI, as shown by  
[image: ]
Keeping the above mapping in mind, in what follows, we will express SU/MU-CQI as the post SINR for notational convenience.
2.2.2	Rank-2 CSI case
It has been observed that UEs frequently report rank-2 CSI in X-pol setup. In this rank-2 SU-MIMO case, the SU-CQI for layer 1 of UE k can be roughly written as
[image: ]
where  [image: ] is the rank-2 PMI of UE k, [image: ] is the receive combiner for layer 1. Subtracting the inter-stream (intra-UE) interference term from the above SU-CQI, we will call the resulting quantity SL-CQI (single layer-CQI) to differentiate from the rank-2 SU-CQI, defined for layer 1 as
[image: ]
In case of rank-1 CSI feedback, the above SL-CQI corresponds to the SU-CQI. With respect to the interfering precoding vector [image: ], the MUI for layer 1 of UE k is given by 
[image: ]
where S is slightly redefined as the set of precoding vectors to be potentially co-scheduled with [image: ] so it must include the precoding vector [image: ] for layer 2 of UE k. For rank-2 CSI reporting, let UE report two SL-CQIs (one per layer), instead of SU-CQIs, and 2S MUIs (S per layer). By doing so, the network can flexibly and reliably estimate MU-CQI of a variety of possible UE/PMI combinations. Note that the rank-2 SU-CQI is easily given by two SL-CQIs and two MUIs, without additional feedback. Moreover, co-scheduling 2 UEs with 2 layers each or even 4 UEs with 1 layer each is possible. To be specific, when 2 UEs are co-scheduled with rank 2 each, the network can calculate the MU-CQI for layer 1 of UE k in terms of SL-CQI and MUI by using the following relation: 
[image: ]
where  [image: ] is the rank-2 PMI of another UE co-scheduled with UE k and we assumed the equal power allocation between 4 layers. 
Even if UEs report rank-2 CSI, co-scheduling multiple UEs with one layer for some rank-2 UEs would be often a better choice for the sake of the system throughput. This highly flexible co-scheduling is also supported by the MUI feedback. For example, for co-scheduling three rank-2 UEs with [image: ], respectively, the network can reliably estimate the MU-CQI of UE k  whose selected precoding vector in [image: ] is [image: ] as follows.
[image: ]
As easily expected from the above examples, the network scheduler can compute a number of MU-MIMO PF metrics from MU-CQIs under a variety of rank-1/rank-2 combinatorial MU hypotheses, despite a limited number of MUIs. The size of rank-1/rank-2 combinatorial MU hypotheses becomes even larger by taking into account all other “equivalent” precoding vectors, as will be shown in the next subsection.
There may be some loss in link adaptation due to the fact that the SL-CQI and MUI feedback were reported assuming rank-2 transmission. Nevertheless, the performance loss would be marginal because the resulting MU-CQI is often an underestimate. 
2.3	Feedback overhead reduction techniques 
One major concern of the proposed MUI feedback and possibly all other MU-CSI feedback schemes is the feedback overhead increase especially when considering MU-CSI on a per-subband basis. 
2.3.1	Restricted MU-MIMO hypotheses
The first option is to restrict MU-MIMO hypotheses. By doing so, equivalently, by reducing the size of S, UE may report MUI on every subband. For example, in the rank-1 case, we let S = 3 here, i.e., the set S consists of 3 orthogonal PMIs with respect to the chosen PMI [image: ]. Although shrinking the size of S clearly compromises the potential MU-MIMO performance, the initial performance evaluation in Sec. 3 shows the resulting MU-MIMO gain is still notable. The accuracy of MU-CQI resulting from MUI feedback is shown to appreciably compromise the performance loss due to using 3 orthogonal PMIs only. In this rank-1 case, a set S for the Rel-8 4-Tx codebook was already given in [7]. Even if a new 4-Tx codebook is agreed, it would be not difficult to determine such orthogonal MU-PMI set for the new codebook.
For the rank-2 case, we can also find a set S such that it consists of 3 orthogonal precoding vectors with respect to each column of the chosen rank-2 PMI [image: ]. Recall that S of [image: ] should include the precoding vector [image: ] for layer 2 of UE k. Therefore, the set S generally consists of [image: ] and one MU-PMI, which amounts to 3 orthogonal precoding vectors. One example of MU-PMIs for the Rel-8 codebook is given in the following table, where all SU-PMIs but i = 5, 6 have at least two orthogonal precoding vectors. The network scheduler should consider as MU pairing candidates all equivalent precoding vectors to a certain MU-PMI given in Table 1, e.g., [image: ] and [image: ] for [image: ]. Considering this along with the aforementioned rank-1/rank-2 combinatorial hypotheses, we argue that a highly flexible co-scheduling can be performed at the network side. In this sense, the proposed MUI scheme assists the network scheduler to alleviate its complexity burden for MU pairing. This is in sharp contrast to a prevailing belief that MU-CSI imposes much constraint on the scheduler.
Table 1: Orthogonal precoding vectors regarding rank-2 SU-PMIs of Rel-8 4-Tx codebook
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2.3.2	Introducing MUI_En 
The above feedback overhead reduction may be still insufficient in the per-subband MUI feedback mode. To further reduce the uplink overhead, we propose the second simple feedback overhead reduction technique. The technique is to impose a threshold on MUI, by which each UE determines whether or not it reports the corresponding subband MUIs. Then, UEs need an additional feedback to inform the network if the MUI feedback is on/off on a certain subband for each column of MU-PMI. We let MUI_En denote the additional 1-bit feedback per subband per column vector of MU-PMI. The reason of per column vector of MU-PMI is that there exists some correlation between MUIs in the same column vector of MU-PMI. The MUI_En feedback provides a bitmap, by which the network can figure out which subband MUIs are reported by a UE. So, this feedback takes 2N bits for rank-2 feedback, where N is the number of subbands. If any of two MUIs regarding two columns of MU-PMI is larger than the threshold for a certain subband, MUI feedback is disabled on that subband, for which the UE reports SU-CQI instead of SL-CQI. By adjusting the threshold of MUI, we can strike the balance between MU-MIMO performance gain and uplink overhead increase. Let [image: ] denote the probability that MUI feedback is enabled on a particular subband. It depends on the threshold on MUI given by considering a tradeoff between MU-MIMO gain and uplink feedback overhead. The threshold may be pre-defined or given by RRC signaling of the network. Finally, all UEs are required to report best (i.e., lowest MUIs) [image: ] % of all the subband MUIs along with the MUI_En bitmap.
Another effect of MUI_En is that it also helps the quantization of MUIs [image: ] because it plays the role of limit (out of range), for which we don’t consider co-scheduling with such PMI a. For example, an 1-bit quantization is clearly infeasible as the number of actual quantization levels are just 1 instead of 2, taking the “out of range” value into account. With the aid of MUI_En, we may adopt even 1-bit equalization to fully use 2 quantization levels.
2.3.3	Delayed MUI feedback
The last but not least option to reduce the feedback overhead is the use of a delayed (or separate; not multiplexed with SU-CSI) MUI feedback. So far, a UE is required to report multiple MUIs without a priori knowledge on whether a possible interfering precoding vector in S is really in the set of reported PMIs by the other UEs. If not, the corresponding MUIs should not have been reported. To address this issue, our proposal is as follows: the network first receives SU-CSI (CQI, PMI and RI) from each UE as usual and then it informs each UE of existent (or even selected) precoding vectors in S. Once receiving the DL control signaling, a UE reports only the relevant MUIs. This delayed MUI feedback would be also very cost-effective in GoB-based double codebook or more than 4 Tx antenna configurations (e.g., 3D MIMO), where the size of S is supposed to be much larger than 3. In terms of the feedback delay, note that the CSI-IM based MU-CQI feedback is likely to incur a longer feedback delay. We observe that the CSI-IM based approach can also efficiently reduce the feedback overhead by using SU-CSI, which is enabled by multiple CSI processes.
Finally, we can adopt a combination of the delayed MUI feedback and the MUI_En feedback to further reduce the feedback overhead. Also notice that the notion of delayed MUI is applicable to the CSI-RS based MU-CQI scheme. We call this the delayed MU-CQI feedback.
2.4	Features of MUI feedback 
The proposed MUI feedback has some desirable features. 
· Co-scheduling more than 2 UEs: The additional feedback allows the network to reliably co-schedule up to four UEs whose chosen PMIs are contained in a PMI set S. This feature is very important in terms of the forward compatibility. As shown in 3D-MIMO SID, the network is supposed to co-schedule as many UEs as possible. However, the LTE feedback scheme focuses on SU-MIMO operation and TM10 in Rel-11 seems to be also insufficient for reliable co-scheduling more than 2 UEs.
· DM-RS overhead reduction: With the explicit MUI feedback, the network knows the accurate multi-UE interference between UEs. So, the network could configure a common DM-RS port for two co-scheduled UEs, seeing that their MUIs are sufficiently low. This perfectly matches to the LTE design concept of two orthogonal DM-RS ports with two quasi-orthogonal sequences to support co-scheduling up to 4 UEs. Hence, the MUI feedback can fully realize the prospective MU-MIMO feature that the current LTE specification provides. Therefore, co-scheduling more than 2 UEs with the proposed MUI feedback does not necessarily incur a DM-RS overhead increase, compared to 2-UE co-scheduling. More importantly, this overhead reduction would be very desirable to Rel-12 3D MIMO and the future LTE releases, in which the true capability of co-scheduling much more than 2 UEs shall be crucial but the DM-RS overhead for co-scheduled UEs is expected to be prohibitively large unless each DM-RS port is shared by multiple UEs. 
· Applicability to both CSI-RS/IM based MU-CQI approaches: Basically, the proposed MUI feedback is applicable to MU-CQI feedback schemes. While MU-CQI is estimated on the network side to enable flexible co-scheduling with the assist of MUIs in our proposal, it is estimated and reported by UE in MU-CQI feedback schemes. We may view the MUI feedback as a natural complement rather than a substitute of the MU-CQI feedback. 
· Flexible power allocation: While the equal power allocation among co-scheduled UEs is near-optimal at high SNR, the unequal (flexible) power allocation is relevant in the practical low-to-medium SNR range. The network can accurately estimate MU-CQI with the aide of MUIs for arbitrary power allocation among UEs. For example, the network computes [image: ] with power [image: ] to the desired layer of UE k for better system throughput and reliable MU-MIMO link adaptation. 
· Common quantization levels among UEs: We observe that the dynamic range of the ratio [image: ] of MUI to SU-CQI is similar for all UEs. Therefore, all the UEs can apply common quantization levels, which is necessary for the accurate MUI feedback. One may think of reporting the ratio of MU-CQI to SU-CQI (in terms of SINR) rather than the delta CQI (in terms of MCS levels), since the ideal feedback of the ratio takes in fact the same effect as [image: ]. However, the ratio of MU-CQI to SU-CQI has quite different dynamic ranges among UEs, because it depends on the other-cell interference levels [image: ] that considerably differ among UEs. Consequently, the MU-CQI feedback does not provide a reliable estimate of inter-UE interference to the network scheduler due to quantization errors.
The 2nd and 5th features above are closely related. In order to ensure the validity of the 2nd feature, an accurate quantization of MUI is essential. As mentioned above, MU-CQI may provide an implicit MUI. So, we illustrate the dynamic range of MUI and we compare it with that of the ratio of MU-CQI to SU-CQI, where both CQIs are in terms of SINR instead of delta CQI.  Fig. 1 depicts the CDFs of the two quantities. We can easily see that it is infeasible to estimate inter-UE interference from MU-CQI unless different quantization levels are employed for UEs with different [image: ].
Figure 1: CDF of MUI and the ratio of MU-CQI to SU-CQI 
[image: ][image: ]
3	Feedback overhead and performance result
3.1	Feedback overhead comparison
The uplink feedback overhead of the proposed MUI feedback scheme is compared with PUSCH 3-1 and 3-2 for rank-2 CSI feedback case in Table 2. We present two feedback modes: wideband MUI mode and subband MUI mode. While a UE reports a wideband MUI by the 2-bit ratio of MUI to SU-CQI, it additionally reports N subband MUIs for the subband mode as an 1-bit or 2-bit quantization value to the associated wideband MUI. By letting S = 3 and introducing MUI_En, the overhead increase of the subband mode comes to be practical compared to PUSCH 3-2. Even the 2-bit subband MUI mode may be a bit affordable. A resulting MU-MIMO gain is shown to justify the uplink overhead increase. 
Table 2: Overhead comparison of various feedback modes for rank 2 (N=9 subbands) 
	Feedback schemes
	RI
	PMI
	CQI (wb)
	CQI 
(sb)
	MUI_En
	MUI (wb)
	MUI 
(sb)
	Total

	PUSCH 3-1
	1
	4
	8
	4 N
	—
	—
	—
	49
	—

	PUSCH 3-2
	1
	4 N
	8
	4 N
	—
	—
	—
	81
	0 %

	PUSCH 3-1 with 
1-bit subband MUI
	1
	4
	8
	4 N
	2 N
	—
	[image: ]2SN
	72 (S=3, [image: ])
	-11 %

	PUSCH 3-1 with wideband MUI
	1
	4 
	8
	4 N
	—
	4 S
	—
	77 (S=7)
	-5 %

	PUSCH 3-1 with 
2-bit subband MUI
	1
	4
	8
	4 N
	2 N
	—
	[image: ]4SN
	99 (S=3, [image: ])
	22 %

	PUSCH 3-2 with 
1-bit subband MUI
	1
	4 N
	8
	4 N
	2 N
	—
	[image: ]2SN
	126 (S=3, [image: ])
	56 %

	PUSCH 3-2 with 
2-bit subband MUI
	1
	4 N
	8
	4 N
	2 N
	—
	[image: ]4SN
	153 (S=3, [image: ])
	89 %



In Table 2, we did not take the delayed MUI technique into account. So, we shall have a more reduced overhead than those above.
3.2	Initial performance result 

In [6], an initial simulation result was given to show a potential gain of the proposed MUI feedback scheme in ULA setup. We would like to correct a misleading expression in simulation assumptions therein. “No AMC” was intended to imply rather the ideal AMC with the use of log(1+SINR) instead of the MCS table. We are currently doing a comprehensive full-level system simulation including realistic AMC with X-pol setups. Even if we could not present a complete result at this time, an interim result shows about 10 % gain of the PUSCH mode 3-1 with 2-bit subband MUI over the PUSCH mode 3-2, assuming Scn-A, Rel-8 codebook, X-pol with 0.5λ, , and full buffer traffic. This reveals that rank-2 MU-MIMO enabled by the MUI feedback yields a notable gain in X-pol configurations. 
Finally, it should be noted that the performance gain resulting from the MUI feedback becomes more remarkable as the number of UEs increases. We conclude that the proposed feedback scheme seems to realize a large portion of promising multiuer diversity gain in practice, relative to other feedback schemes.
4	Conclusion
We compare the proposed MUI feedback schemes with two MU-CQI feedback schemes in the following table.
Table 3: Comparison between the MUI, CSI-RS based MU-CQI, and CSI-IM based MU-CQI schemes
	
	MUI
	CSI-RS based MU-CQI
	CSI-IM based MU-CQI

	Performance
	Flexibility of co-scheduling more than 2 UEs
	· # of MU hypotheses on the network side can be much larger than # of MUIs reported by UE
· Co-scheduling more than 2 UEs requires no additional MUIs
	· # of MU hypotheses on the network side equals to # of MU-CQIs reported by UE
· Co-scheduling more than 2 UEs requires distinct MU-CQIs 
	· Same as the left-hand side

	
	Higher-order MU-MIMO
	· Rank-2 MU-MIMO is enabled by MUI with SL-CQI 
· Rank-1/rank-2 combinatorial MU hypotheses are also possible 
	· [bookmark: _GoBack]Neither rank-2 nor rank-1/rank-2 combinatorial MU hypotheses is possible unless additional feedback is available
	· Same as the left-hand side 


	Overhead
	UL (CSI feedback) overhead
	· Feedback overhead can be efficiently reduced by the delayed MUI feedback
	· Feedback overhead can be efficiently reduced by the delayed MU-CQI feedback
	· Efficient feedback overhead reduction is possible by using multiple CSI processes

	
	DL overhead
	· Two orthogonal DM-RS ports with SCID could support co-scheduling more than two UEs  
	· More than two orthogonal DM-RS ports are needed  to co-schedule more than two UEs 
	· Same as the left-hand side 
· Additionally, CSI-IM overhead

	Spec Impact
	Feedback aspect
	· Multiplexing of MUI with SU-CQI (in rank-2 case, SL-CQI instead of SU-CQI) as baseline
· Delayed MUI to reduce feedback overhead
	· Multiplexing of MU-CQI with SU-CQI as baseline
· Delayed MU-CQI is also possible
	· Delayed MU-CQI 


	
	Signaling
aspect
	· In case of the delayed MUI, additional DL signaling is needed
	· In case of the delayed MU-CQI, additional DL signaling is needed
	· Additional DL signaling to configure interference measurement window

	Latency
	· In case of the delayed MUI, additional feedback delay is needed
	· In case of the delayed MU-CQI, additional feedback delay is needed
	· Incurs additional feedback delay due to multiple CSI processes



Based on the above considerations, we arrive at the following proposals.
Proposals : 
· We should support the MUI feedback (with SL-CQI in rank-2 case) as a promising complement to MU-CQI feedback schemes to achieve an appreciable MU-MIMO gain in both X-pol and co-pol configurations 
· The delayed (separate) MUI feedback should be also introduced to reduce the feedback overhead 
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