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1 Introduction

According to the SID [1] on elevation beamforming/full-dimension (FD) MIMO (hereafter FD-MIMO), a main objective of this SI is to identify performance benefits of standard enhancements with the 2D active antenna system (AAS). In this contribution, we introduce a new MU-CSI feedback scheme, referred to as multi-user/UE interference indicator (MUI), targeting MU-MIMO performance improvement. We believe that performance benefits of 2D AAS would depend on how to exploit the potential MU-MIMO performance gain of FD-MIMO, where high UE density is assumed and the number of antenna ports is up to 64 while the number of receive antennas at UEs being just 2 each. As an intermediate result to show the performance benefits of the proposed MU-CSI feedback, we provide initial evaluation results through system-level simulations assuming 1-D antenna array with 8 TXRUs. 
2 Preliminaries 

2.1 Motivation
While the current LTE DL-MIMO scheme performs very well in SU-MIMO, 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 in the literature that in contrast to SU-MIMO, the MU-MIMO operation requires a sufficiently accurate CSIT to achieve its promising performance gain. As we know, SU-CSI may help the eNB to predict MU-CQI. However, this heuristic approach has turned out to bring no appreciable gain due to the lack of accuracy. To address the inaccuracy issue, many alternatives had been proposed and discussed in the previous RAN1 meetings, e.g., CSI-RS based MU-CQI [2], IMR based MU-CQI (standard-transparent approach) [3], and multiple CSI processes with rank restrictions [4]. Although those schemes showed some noticeable performance benefits, their limitation would be to co-schedule at most 2 layers. While the MU-CQI schemes require too large feedback overhead to support more than 2 layers, multiple CSI processes is limited by rank 2 assuming that UE has only 2 receive antennas. More specifically, the intrinsic difficulty to calculate MU-CQI at the UE side is that UE should take too many MU hypotheses into account when the number of co-scheduled layers (denoted by S) is large, thus incurring unaffordable feedback overhead increase. Therefore, the previous approaches are unlikely to be sufficient to realize a large portion of the potential MU-MIMO gain. 
Another issue that motivates a new study is that as S gets larger, the number of orthogonal DM-RS ports may need to increase unless an overhead reduction technique comes up. This DM-RS overhead increase ironically reduces the remaining REs for data symbols. As a result, a promising solution is needed to restrain the increase in DM-RS ports.
Observations : 

· The capability of co-scheduling more than 2 layers is crucial for the Rel-13 FD-MIMO and beyond, in which performance benefits shall be large enough to justify the cost of 2D AAS deployment
· DM-RS overhead should not increase too much to accommodate as many layers as possible for MU-MIMO
2.2 Review of MUI feedback 
The key idea of MUI is to assist the eNB to accurately estimate MU-CQI to avoid the foregoing difficulty in calculating MU-CQI at the UE side. The additional feedback that we introduce is the information of multi-user/UE interference. For the theoretical background of the MUI feedback scheme, refer to [5]. In this contribution, we review only the rank-1 CSI case. For the rank-2 case, refer to [6].
We assume here the eNB has M active antennas and all UEs are equipped with two receive antennas. The eNB co-schedules up to S layers for MU-MIMO. For rank-1 SU-MIMO, UE k maps the post or effective (i.e., taking its receiver algorithm into account) SNR, denoted by
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, into CQI (expressed as one of 4-bit MCS levels) as follows.
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where 
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 is the 2×M channel matrix, 
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 is the rank-1 PMI of UE k, 
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is the receive combiner that depends on 
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 is the noise plus inter-cell interference term. Let L denote the number of co-scheduled/companion PMIs (co-PMI for short) to be potentially co-scheduled with the own PMI of UE k. For simplicity in this contribution, we restrict co-PMIs as M 
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1 PMIs orthogonal to the own PMI and to each other, i.e., L = M 
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1. With respect to co-PMI l, we define MUI as the interference-to-noise ratio (INR) denoted by 
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 (hence also known as INR feedback) 
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Therefore, MUI is obtained in a similar way to the CQI calculation. 
With this MUI feedback, the eNB can reliably estimate MU-CQIs of a variety of possible UE/PMI combinations. For example, in case of co-scheduling 2 UEs, the eNB estimates 
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 from CQI and MUI, respectively, and then the MU-CQI of UE k under the assumption of pairing with PMI a can be estimated as follows
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where we assumed the equal power allocation between 2 UEs. In a similar way, the eNB can reliably estimate MU-CQI for the more general case where up to S UEs are co-scheduled. For example, for M = 8, L = 7, and S = 4, the eNB can estimate MU-CQIs of up to 
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 MU hypotheses for UE k, using 1 CQI and 7 MUIs reported from the UE. Comparing with the MU-CQI scheme requiring 7 MU-CQIs per UE for co-scheduling 2 UEs, the MU-MIMO performance gain provided by the proposed MUI feedback would be significant. We call this property of MUI feedback flexible scheduling. Notice that the MUI feedback scheme requires only 7 MUIs per UE, while the MU-CQI feedback scheme needs 63 MU-CQIs per UE to achieve a competitive MU-MIMO performance. As the above MUI feedback may have non-trivial standard impact, we will present an alternative in the next section. 
2.3 Benefits of MUI feedback 

The benefits of the MUI feedback can be summarized as 

· Flexible scheduling: The new type of feedback allows the eNB to reliably co-schedule even up to M layers with UEs receiving one or two layers each. This feature is very important in the FD-MIMO scenario where M is up to 64 and high UE density is assumed.

· DM-RS overhead reduction: Thanks to the explicit MUI feedback, the eNB knows the accurate multi-UE interference between UEs. So, the eNB is able to configure a common DM-RS port for two or more co-scheduled UEs/layers, seeing if their MUIs are sufficiently low. This is in line with the current LTE design concept of two orthogonal DM-RS ports with two quasi-orthogonal sequences to support co-scheduling up to 4 layers. As a consequence, the transparent MU-MIMO operation can be still supported since we just need to increase the number of quasi-orthogonal sequences instead of the number of orthogonal DM-RS ports for co-scheduling more than 4 layers, without noticeably degrading channel estimation performance. This overhead reduction would be quite desirable to Rel-13 FD MIMO and the future LTE releases, in which the capability of co-scheduling as many layers as possible is crucial but the number of orthogonal DM-RS ports should remain the same if possible at all.
3 Proposed Feedback Scheme 
3.1 One-bit MUI feedback
We propose a modified scheme to minimize the specification impact of MUI as well as its feedback overhead. The idea of “one-bit MUI” is to impose a threshold 
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then one bit is assigned to the co-PMI l by ‘0’ and otherwise by ‘1’. By setting 
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 sufficiently small, e.g., 
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 = 0.01 (-20 dB), this feedback information allows the eNB to see whether the interference between any UE pairs that can be co-scheduled according to the co-PMI restriction is negligible or not, instead of the accurate INR. Therefore, the one-bit MUI feedback reduces the MUI feedback overhead at least by a factor of 1/2 relative to 2-bit differential-encoded MUI, at the cost of some performance loss, which is shown to be marginal in [5]. It also significantly reduces the computational complexity of flexible scheduling. More importantly, we can easily incorporate the one-bit MUI feedback into the current Rel-12 standards because the post SNR 
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 must be calculated for UE to decide CQI and then UE can calculate the only new quantities 
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 for L co-PMIs and compare it with 
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. One may view the one-bit MUI feedback as a sort of multiple best-companion PMI feedback, for which co-PMIs showing MUI ‘0’ correspond to best-companion PMIs of UE k.

3.2 Specification Impact 
A subtle issue underlying the one-bit MUI feedback is how to estimate MU-CQI at the eNB using this new type of feedback. One possible way is to use a popular approach to the MU-CQI prediction based on the reported SU-CSI (e.g., [7]). It is evident that the one-bit MUI helps the MU-CQI prediction to be much more accurate. One may argue that there would be still some performance loss during the MU-CQI prediction or the remapping between CQI and SNR 
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, and also between MUI and INR 
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. This is because the prediction or remapping procedure somehow depends on the vendor-specific receiver algorithm which the eNB doesn’t know. However, there may be no point in arguing the vendor-dependent issue because it contradicts the widely used heuristic approaches to the MU-CQI prediction using SU-CSI feedback for SU/MU-MIMO performance evaluations in RAN1. 
Nevertheless, in order to avoid this ambiguous issue, we may utilize a complementary MU-CQI specific to the one-bit MUI feedback. For co-scheduling s layers, let each UE calculate and report the following MU-CQI 
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where 
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 is one of (s
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1)-combinations of the co-PMI set [1 : L]. The above lower bound on the complementary MU-CQI is fairly tight (accurate) due to the fact that for a given s, the MU-CQIs of UE k coming from any s
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1 MUIs being ‘0’ are almost the same. Therefore, the one-bit MUI feedback with the complementary MU-CQI is free from the vendor-dependent issue like the “pure” MU-CQI feedback. As 
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, each UE needs to report only S
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1 complementary MU-CQIs. Once again, one might think that the issue is just implementation-oriented and hence the complementary MU-CQI is not necessary at all. 
3.3 Feedback overhead 
The additional uplink feedback overhead for 10 MHz bandwidth downlink is captured in Table 2 for wideband (wb) and subband (sb) CQI feedback like aperiodic PUSCH 3-2. We assume M = 8 and L = M 
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1 = 7, implying that we utilize only 7 predetermined co-PMIs by codebook subsampling for MU-MIMO hypotheses. We also assume that sb MU-CQI is reported as 2-bit offsets to wb MU-CQI. In this case, the one-bit MUI feedback scheme even with the complementary MU-CQI has a similar overhead compared with the MU-CQI scheme. Note that MU-CQI allows co-scheduling only 2 layers (i.e., S = 2), while MUI does 4 layers.  
Table 1: Additional feedback overhead comparison (N=9 subbands; M=8, L=7) 
	Feedback schemes
with PUSCH 3-2 
	MU-CQI (wb)
	MU-CQI 

(sb)
	MUI
(sb)
	Total

	2-bit MU-CQI offset (S = 2)
	4
	2 LN
	—
	130

	1-bit MUI (S = 4)
	—
	—
	LN
	63

	1-bit MUI + complementary 2-bit MU-CQI offset (S = 4)
	4
	2(S-1)N
	LN
	117


While the multiple CSI processes scheme may exhibit a smaller additional feedback overhead as both M and L increase, at the same time it would give a limited MU-MIMO gain due to the lack of the number of MU hypotheses, like the best companion PMI scheme. In addition, a marginal gain of the IMR-based MU-CQI scheme is expected as shown in [2].
4 Preliminary Simulation Results
This section presents preliminary system-level simulation results. For simplicity, we assume 1-D (horizontal) 8-Tx co-pol ULA and UEs have a single Rx antenna each. Also, we used a DFT-based codebook in [5] (2-oversampled 8-point DFT matrix), targeting MU-MIMO systems. We will come up with simulation results in line with the agreed evaluation methodology for FD-MIMO SI in the subsequent RAN1 meetings. However, the initial results in this contribution would be sufficient at least to show the potential performance benefit by co-scheduling up to 4 layers. Table 2 shows the evaluation results of MUI and MU-CQI schemes assuming 10 UEs per cell with full-buffer traffic, where we set the one-bit MUI threshold to 
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 (-17 dB) and we used 4 bits per MU-CQI without differential encoding.
Table 2: Preliminary evaluation results of the feedback schemes for 10 UEs per cell (UMa, ULA, 0.5λ)
	Feedback schemes
	Cell average throughput (bps/Hz)
	Median UE throughput (bps/Hz)
	5% UE 
throughput (bps/Hz)

	MU-CQI 

(max 2 co-scheduled UEs)
	3.32 (0%)
	0.301 (0%)
	0.119 (0%)

	1-bit MUI 
(max 4 co-scheduled UEs)
	4.05 (22%)
	0.360 (20%)
	0.135 (17%)


For this setting, one-bit MUI is shown to exhibit a 20% gain over MU-CQI. As FD-MIMO SI considers high UE density scenarios, we also provide evaluation results for 20 UEs per cell in Table 3, where MUI achieves a significant (30%) gain. Notice that MUI does not increase the number of DM-RS ports to support up to 4 co-scheduled layers (UEs). As mentioned earlier, the MU-CQI scheme requires 63 MU-CQIs per subband per UE to yield competitive performance benefit. 
Table 3: Preliminary evaluation results of the feedback schemes for 20 UEs per cell (UMa, ULA, 0.5λ)
	Feedback schemes
	Cell average throughput (bps/Hz)
	Median UE throughput (bps/Hz)
	5% UE 
throughput (bps/Hz)

	MU-CQI 

(max 2 co-scheduled UEs)
	3.51 (0%)
	0.158 (0%)
	0.062 (0%)

	1-bit MUI 
(max 4 co-scheduled UEs)
	4.60 (31%)
	0.205 (29%)
	0.079 (28%)


Although more accurate UE throughput may be somewhat different from the above results, we believe that the MU-MIMO gain due to the one-bit MUI feedback would remain significant compared to a limited MU-MIMO gain by the previous feedback schemes. Finally, we point out that the performance gap between MUI and MU-CQI does get larger as the number M of active antennas (TXRUs) and the number S of co-scheduling layers increase or as the number of UEs per cell increases, although in this contribution we restricted our attention to the 8 TXRUs case according to the SID.
Observation : 

· The one-bit MUI feedback shows a significant (at least 20~30%) performance gain over the MU-CQI feedback, without DM-RS overhead increase
5 Conclusion
We have proposed a new MU-CSI feedback scheme referred to as one-bit MUI, which has been shown to yield a notable throughput gain over the MU-CQI scheme according to our initial evaluation results and the performance analysis in [5]. Our observations and proposals are as follows.
Observations: 

· The capability of co-scheduling more than 2 layers is crucial for the Rel-13 FD-MIMO and beyond, in which performance benefits shall be large enough to justify the cost of 2D AAS deployment
· DM-RS overhead should not increase too much to accommodate as many layers as possible for MU-MIMO
· The one-bit MUI feedback shows a significant (at least 20~30%) performance gain over the MU-CQI feedback, without DM-RS overhead increase
Proposals: 

· Study the design and performance benefit of MU-CSI feedback mechanisms to improve the MU-MIMO performance as an essential part of potential enhancements for FD-MIMO SI
· Study DM-RS enhancements to support high order MU-MMO
· Consider the one-bit MUI feedback scheme as a possible enhancement for both CSI feedback and DM-RS 
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A
Appendix

Table A: Evaluation assumptions.

	Parameter
	Value

	Channel model 
	UMa with 100% outdoors UEs 

	Network Layout
	19 sites

	Bandwidth
	10MHz 

	Configuration of Tx/Rx antennas
	8 Tx co-pol ULA (M=1, N=8), 1 Rx

	Transmission scheme
	Dynamic SU/MU-MIMO switching

	Scheduler
	Proportional fair

	Traffic
	Full buffer

	Codebook
	2-oversampled 8-point DFT matrix [5]
Codebook subsampling for MU-MIMO: 7 co-PMIs orthogonal to the own PMI  

	MU-MIMO pairing
	Exhaustive search; Co-scheduling up to 2 (for MU-CQI) or 4 (for MUI) UEs with rank-1 each

	Feedback
	MU-CQI: subband PMI/CQI/MU-CQI 

MUI: subband PMI/CQI/MUI

Periodicity: 5 ms 

	Subband granularity
	6 RBs

	Overhead assumption
	3 control symbols 
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