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1	Introduction
Performance gain of most codebook and feedback enhancements was shown to be marginal by contributions from many companies during the last #72 meeting for the DL-MIMO WI [1]. Therefore, a more competitive enhancement scheme is being anticipated. This contribution introduces a new aperiodic PUSCH feedback mode with focus on improving the MU-MIMO performance in the 4-Tx ULA configuration. 
In this contribution, we claim that a major difficulty in realizing potential gains of MU-MIMO is the accuracy of MU-CQI, rather than the granularity of PMI which targets the SU-MIMO performance enhancement. In order to resolve the inaccuracy issue of MU-CQI, we propose an additional feedback of inter-UE/user interference among UEs.

2	New PUSCH feedback mode 
2.1	Motivation
[bookmark: _GoBack]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 requires a sufficiently accurate CSIT to realize its promising gain. The difficulty to calculate MU-CQI is that UE should take too many precoder hypotheses into account, which may incur too many feedback overhead. In [2], a new feedback scheme was proposed for UE to calculate multiple MU-CQI’s with feasible feedback overhead increase by restricting the precoder hypotheses. However, the throughput gain therein may be still limited, considering potential MU-MIMO gains. When the eNB estimates MU-CQI from SU-CQI and PMI fed back by UEs, it cannot pair in general more than two UEs due to inaccurate estimate (or prediction) of MU-CQI. This is the case even when UEs compute multiple MU-CQI’s under restricted precoder hypotheses, since co-scheduling more than two UEs may imply prohibitively many precoder hypotheses. 
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., FD/vertical-MIMO SI), where the eNB are supposed to co-schedule much more than 2 UEs with large-scale Tx antennas. In this context, our goal is to enable the eNB to calculate accurate MU-CQI under the assumption of pairing more than two UEs, not incurring unrealistic feedback overhead increase. 
Observation: 
· Focus on minimizing the mismatch between the estimated MU-CQI (from SU-CQI) and the actual MU-CQI
· The realistic capability of co-scheduling more than 2 UEs is essential for the forward compatibility to Rel-12 and beyond

2.2	Proposed 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 eNB to compute MU-CQI with additional feedback from UEs. The additional feedback that we propose here is the knowledge of multi-user/UE interference. So, we will call this type of CSI feedback as MUI (multi-user/UE interference indicator).  
For notational convenience, we assume that all UEs have a single antenna. We can then write the SU-CQI of UE k as 

where  is the precoding vector of PMI i and  is the (noise plus) inter-cell interference term. Let S denote a set of PMI candidates to be potentially co-scheduled with PMI i. and also let the size of S be S. With respect to PMI   S, MUI is defined as the ratio of multi-user interference and inter-cell interference level
 
In the same way of SU-CQI, a UE measures and reports S MUIs to the eNB. With this multiple MUI feedback, the eNB can reliably estimate MU-CQI of a variety of possible UE/PMI combinations. To be specific, when 2 UEs are co-scheduled, MU-CQI under the assumption of pairing with PMI a can be written in terms of SU-CQI and MUI as 

where we assumed the equal power allocation between 2 UEs. In case of co-scheduling 3 UEs, the eNB can similarly estimate MU-CQI resulting from two PMIs S  as follows. 

This is also the case with co-scheduling 4 UEs.
The uplink overhead due to the additional MUI feedback can be lessen by the scalar quantization, e.g, 2-bit ratio of MUI to SU-CQI. UE may feed as such MUI back to the eNB on a wideband basis. By restricting MU-MIMO hypothesis, equivalently, by reducing the size of S, UE may feed back MUI on every subband. For example, we let S = 3 in this contribution, i.e., the set S consists of 3 orthogonal PMIs with respect to the chosen PMI i. 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.
2.2.1	Features of MUI feedback
The proposed MUI feedback has some desirable features. 
· Co-scheduling more than 2 UEs: The additional feedback allows the eNB 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 FD-MIMO SID, we should 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 eNB knows the accurate multi-UE interference between UEs. So, the eNB could use a common DM-RS port for two co-scheduled UEs, seeing that their MUIs are sufficiently low.
· Flexible power allocation: The eNB can accurately estimate MU-CQI with MUIs for arbitrary power allocation among UEs. For example, the eNB computes  with power  to the desired layer for MU-MIMO link adaptation. 
· Same quantization level among UEs: We observe that the dynamic range of the ratio of MUI to SU-CQI is similar for all UEs. Therefore, all the UEs can apply a common quantization level. On the contrary, the ratio of MU-CQI to SU-CQI has quite different dynamic ranges among UEs, because the ratio depends on the other-cell interference levels [image: ] that considerably differ among UEs. Consequently, the MU-CQI feedback may not provide an accurate MUI estimate to the eNB scheduler due to quantization errors.
2.2.2	Standardization impact 
As mentioned earlier, the way of calculating MUI would be the same as SU-CQI. Therefore, a RAN4 testing framework for the additional feedback could be relatively simple. In case of double codebook, we may take only limited orthogonal PMIs into account to reduce the size of S, as before. Co-scheduling two UEs with rank-2 each by using the proposed feedback mode is for further study and it is currently under evaluations. 
On the other hand, a standard-transparent implementation based on multiple CSI processes in Rel-11 is a natural approach to take into account. Our view is that it may not be properly working, because in order to operate multiple CSI-IM processes the eNB should select two candidate UEs without accurate a priori information of MU-CQI. We are not sure whether the co-scheduled UEs are a good choice, because they are selected based on the inevitably inaccurate estimate of MU-CQI from SU-CQIs. For the same reason, co-scheduling more than 2 UEs may be unlikely. So, utilizing multiple CSI-IM processes seems not involve in selecting a good MU-MIMO pair and it only helps improving the accuracy of MU-CQI of a pre-selected UE pair by SU-CQI. In fact, if multiple CSI-IM processes are available, they would also be used to further improve MU-CQI of a UE pair selected by SU-CQI with MUI feedback. 
2.3	Feedback overhead
The uplink feedback overhead of the proposed MUI feedback scheme is compared with PUSCH 3-2 in Table 1. 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 a subband MUI for the subband mode as an 1-bit offset value to the associated wideband MUI. By doing so and letting S = 3 or 7, the overhead increase comes to be less than (wideband mode) or equal to (subband mode) that of PUSCH 3-2. Therefore, the subband MUI mode seems to be affordable. If we adopted a 2-bit offset value for subband MUI, the overhead would be 37% larger than the case of PUSCH mode 3-2.
Table 1: Overhead comparison of PUSCH 3-1, PUSCH 3-1 with wideband/subband MUI, and PUSCH 3-2 (N=9 subbands). 

	Feedback schemes
	RI
	PMI
	CQI (wb)
	CQI 
(sb)
	MUI (wb)
	MUI (sb)
	Total

	PUSCH 3-1
	1
	4
	4
	2 N
	—
	—
	27

	PUSCH 3-1 with wideband MUI
	1
	4
	4
	2 N
	2 S
	—
	41 (S=7)

	PUSCH 3-1 with subband MUI
	1
	4
	4
	2 N
	2 S
	S N
	60 (S=3)

	PUSCH 3-2
	1
	4 N
	4
	2 N
	—
	—
	59



3	Initial performance results 

We present here a simplified SLS with no feedback delay, which also makes use of the capacity formula of the complex Gaussian channel log (1+SU/MU-CQI) instead of AMC. Despite this ideal assumptions, the initial results could allow us to evaluate the performance of various aperiodic PUSCH feedback modes, free from impacts of other aspects. In this results, we restrict our attention to Scenario A [3, 4] with Rel-8 4-Tx codebook and ULA configurations. In terms of 4-Tx antenna, this kind of feedback targeting MU-MIMO performance is suitable to ULA rather than X-pol, whose beamforming gain is relatively low in 4-Tx. Table 2 shows that the performance of MU-CQI feedback with co-scheduling 2 UEs is consistent with [2].  Although not presented in Table 2, the MU-CQI feedback with co-scheduling up to 4 UEs shows no noticeable gain, compared to the 2-UE case. On the other hand, the proposed MUI feedback is shown to allow the eNB to estimate more reliable MU-CQIs. The throughput gain of MUI feedback with co-scheduling up to 4 UEs amounts to approximately 6% over the 2-UE co-scheduling case. A major difference between MU-CQI and MUI schemes lies in the foregoing quantization error.
Table 2: Preliminary evaluation results of various feedback schemes (Scn-A, Rel-8 4Tx codebook, ULA, 0.5λ).
	Feedback schemes
	Cell average throughput (bps/Hz)
	Median UE throughput (bps/Hz)
	5% UE 
throughput (bps/Hz)

	Rel-10 PUSCH 3-1 
(baseline)
	2.73 
	0.257
	0.105

	wideband MU-CQI 
(max 2 co-scheduled UEs; S=7)
	3.00 (11%)
	0.288 (12%)
	0.109 (4%)

	subband MU-CQI 
(max 2 co-scheduled UEs; S=3)
	3.21 (18%)
	0.301 (17%)
	0.108 (3%)

	wideband MUI 
(max 2 co-scheduled UEs; S=7)
	3.08 (13%)
	0.293 (14%)
	0.109 (4%)

	subband MUI 
(max 2 co-scheduled UEs; S=3)
	3.30 (21%)
	0.317 (23%)
	0.113 (8%)

	subband MUI 
(max 4 co-scheduled UEs; S=3)
	3.48 (27%)
	0.329 (28%)
	0.117 (11%)



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 new PUSCH feedback mode with additional MUIs seems to realize a large portion of the potential multiuer diversity gain in practice, relative to other feedback schemes.

5	Conclusions
We have proposed a new PUSCH feedback mode introducing MUI feedback, which is shown to yield an appreciable throughput gain according to our initial evaluation results. Our view is that we should focus on improving the accuracy of MU-CQI with a moderate overhead increase.
Observation: 
· Focus on minimizing the mismatch between the estimated MU-CQI (from SU-CQI) and the actual MU-CQI
· The realistic capability of co-scheduling more than 2 UEs is essential for the forward compatibility to Rel-12 and beyond
Proposal: 
· Do not restrict our attention to only X-pol setups and treat ULA setups with equal priority, since an appreciable MU-MIMO gain and the overall performance gain are anticipated in the latter antenna configuration for 4-Tx MIMO 
· Evaluate which enhancement schemes allow the eNB to reliably co-schedule more than 2 UEs for the forward compatibility
· Consider the both wideband and subband MUI feedback modes as a promising CSI feedback enhancement 
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A	Appendix
Table 3: Evaluation assumptions.
	Parameter
	Value

	Channel model
	Macro cell with Scenario A [3, 4]

	Cellular Layout
	19 cells

	UE density
	10 UEs (100% outdoor)

	Bandwidth
	10MHz

	Traffic
	Full buffer

	Channel estimation
	Non-ideal

	Number of Tx/Rx antennas
	4Tx, 2Rx

	Transmission scheme
	SU/MU-MIMO with dynamic switching

	Scheduler
	Proportional fair

	MU-MIMO pairing
	Up to 4 UEs with rank-1 each

	Feedback period
	5 ms

	Feedback delay
	No delay

	Subband granularity
	6RBs

	AMC
	No AMC; ideal log(1+SINR)

	Receiver type
	MMSE
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