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1 Introduction

This contribution aims to provide a realistic MU-MIMO performance limit of EBF/FD-MIMO in the non-full buffer traffic model. To do so, instead of the ideal CSI assumption or too costly CSI feedback overhead, we consider a realistic MU-CSI feedback scheme based on MUI enabling very flexible scheduling at the network. To the best of our knowledge, the proposed scheme would achieve a best-effort MU-MIMO performance comparing to the existing MU-CSI schemes. For convenience, we employ as a baseline “category 2” (virtual sectorization using one or more beamformed CSI-RS resources). We hope our preliminary evaluation results help to justify the need of MU-CSI feedback for EBF/FD-MIMO.
2 Do We Need MU-CSI Feedback for EBF/FD-MIMO?
During the previous DL-MIMO WIs (Rel-8 ~ Rel-12), the performance benefit of MU-MIMO operation based on the legacy SU-CSI feedback was revealed to be marginal mainly due to the inaccurate MU-CQI issue. A variety of MU-CSI schemes were accordingly proposed to improve the MU-MIMO performance, but RAN1 had not reached any agreement on MU-CSI. 
2.1 Positive aspects
· Increased spatial resolution enabling high-order MU-MIMO

· Inaccuracy issue of MU-CQI prediction based on SU-CSI feedback 

A main reason for the previous conclusions would be that co-scheduling two layers (via either SU-MIMO or MU-MIMO) is generally sufficient for the 4-Tx antenna configuration. However, the dimension of antennas and the resulting spatial resolution significantly increase in FD-MIMO. Although the increased spatial resolution helps to mitigate interference between UEs in correlated channels, this does not imply that the inaccuracy of the predicted MU-CQI from SU-CSI will be alleviated since the average of intra-cell interference can be lower than the 4-/8-TX case but its variance would remain almost the same. The inaccuracy issue depends on the variance of intra-cell interference rather than its average. Therefore, the inaccurate MU-CQI issue still happens in FD-MIMO. In fact, this issue would be more problematic and serve as a bottleneck in FD-MIMO performance than the 4-Tx MIMO case in which the small spatial resolution leaves no sufficient room to achieve a significant MU-MIMO gain. Therefore, MU-CSI feedback needs to be revisited in the FD-MIMO context.
Proposal : 

· MU-CSI feedback should be revisited in the EBF/FD-MIMO context, considering the increased spatial resolution and the inaccurate MU-CQI prediction issue.
2.2 Negative aspects
· Too many MU hypotheses in the x-pol antenna configurations 

· Scheduling restriction due to limited MU hypothesis
· Impact of the non-full buffer traffic on MU-MIMO performance 
One of negative points is that the MU-CQI prediction based on MU-CSI feedback may suffer from performance degradation in the x-pol antenna configuration. The double-codebook structure for the x-pol antennas makes it hard to determine a set of useful co-PMIs due to too many MU hypotheses. The second negative point is the scheduling restriction resulting from limited MU-CQI feedback due to feedback overhead. The scheduling restriction may substantially compromise the performance benefit of MU-CSI feedback. In order to overcome these two issues, a new MU-CSI feedback in conjunction of a simple codebook subset restriction (CSR) technique was proposed in [1], which results in a significant performance improvement in FD-MIMO scenarios. The last point is that the performance benefit of MU-CSI feedback had not been evident in the non-full buffer traffic model. Compared to the full buffer traffic, the probability of MU-MIMO pairing is quite low in the non-full buffer traffic and hence the performance benefit of MU-MIMO is likely to be considerably reduced. When the number of active users in non-full buffer traffic is small, the probability that the set of co-PMIs with respect to a certain UE includes the reported PMI of a co-scheduled UE would be accordingly reduced. 
2.3 Dynamic rank switching at the eNB
As mentioned above, the capability of flexible scheduling at the network is very relevant especially in the non-full buffer traffic. In order to increase the flexibility of the eNB scheduler, it would be helpful for the eNB to treat a rank-2 UE as if it were two different rank-1 UEs. If so, the eNB can flexibly co-schedule, e.g., two rank-2 UEs in one of six possible ways, 2:0, 0:2, 1:1, 1:2, 2:1, 2:2 combinations. We can call this dynamic rank switching. The capability of flexible scheduling including this rank-2 MU-MIMO would be crucial for a MU-CSI feedback scheme to significantly improve the FD-MIMO performance benefits despite the low probability of MU-MIMO pairing in the non-full buffer traffic. To enable such a rank switching at the network, we need an appropriate MU-CSI feedback.

3 MU-CSI Feedback Supporting Dynamic Rank Switching

In this section, we propose an MUI-based feedback scheme to enable the dynamic rank switching at the network. Inspired by the MUI feedback, the idea is to assist the eNB to accurately estimate MU-CQI by letting UEs report additional CQI as well as MUI. It has been observed that UEs frequently report rank-2 CSI in x-pol setting. In this rank-2 SU-MIMO case, the SU-CQI for layer 1 of UE k can be written as
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 is the rank-2 PMI of UE k, 
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is the receive combiner for layer 1. Subtracting the inter-stream (intra-UE) interference term from the above SU-CQI and assuming that 
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 is now taken from the rank-1 codebook, we define the resulting quantity as SL-CQI (single layer-CQI) to differentiate from the legacy rank-2 SU-CQI, defined for layer 1 as
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 is the same as that in (1) unlike the rank-1 CQI so that (1) can be accurately reconstructed at the network with the aid of MUI feedback. This may incur a CQI mismatch when the UE reporting rank-2 CSI is served with rank-1 transmission by the network. However, the CQI mismatch seems marginal because the main role of the receive filter of 2 Rx x-pol antennas would be coherent combining rather than intra-cell interference suppression. With respect to 
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For rank-2 CSI reporting, we let UE report two SL-CQIs (one per layer) with respect to two additional PMIs chosen under CSR, and multiple MUIs on top of the legacy SU-CSI feedback. By doing so, the network can flexibly and reliably estimate MU-CQI of a variety of possible UE/PMI combinations. For instance, when two UEs report rank-2 CSI each, UE k can be co-scheduled according to the following MU-CQI calculation at the network: 
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· In summary, the proposed rank-2 MUI feedback scheme for dynamic rank switching consists of additional PMI, SL-CQI, and MUI on top of the legacy SU-CSI. 
4 Feedback Overhead 
The uplink feedback overhead for 10 MHz bandwidth downlink is captured in Table 2 for wideband (wb) MUI feedback compared with PUSCH 3-1. For example, let N = 4 and L = 6, implying that we utilize only 6 predetermined co-PMIs (per CSI-RS process) according to the codebook subset restriction in [1]. In the following table, MUI feedback uses a single set of SU-CSI feedback along with C (number of CSI-RS processes) times MUIs. In this contribution, we used 2-bit quantization for MUI. Notice that the MU-CQI scheme has the same overhead as the rank-1 MUI.
Table 1: Feedback overhead comparison (T=9 subbands; N=4 TXRUs, L=6 co-PMIs, C=2 CSI-RS processes) 
	
	PUSCH 3-1 
 with MUI
	PUSCH 3-2 
 with MUI

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

	
	
	rank-1 MUI
	rank-2 MUI
	
	rank-1 MUI
	rank-2 MUI

	RI
	1
	1
	1
	1

	PMI
	8
	8
	4+4T
	4+4T

	CQI 
	4+2T
	8+4T
	4+2T
	8+4T

	Subtotal (Rel-12)
	31 

(0%)
	53

(0%)
	63

(0%)
	85

(0%)

	wb PMI (CSR)
	3
	3
	6
	3
	3
	6

	wb CQI 
	4
	4
	—
	4
	4
	—

	wb SL-CQI 
	—
	—
	8
	—
	—
	8

	wb MUI (2-bit offset)
	2CL
	2CL
	4CL
	2CL
	2CL
	4CL

	Total 
	62 (100%)
	84
(58%)
	115

(117%)
	94
(49%)
	116
(36%)
	147
(73%)


From Table 1, we can see that the feedback overhead increase of the rank-2 MUI scheme is at most 101% in the PUSCH 3-2 mode with MUI, assuming 3 CSI-RS processes. Therefore, the feedback overhead of MUI seems not too costly. Moreover, the rank-2 PUSCH 3-1 with rank-1 MUI has a similar feedback overhead compared to the legacy rank-2 PUSCH 3-2. Finally, it should be pointed out that we can reduce the feedback overhead of MUI without noticeably compromising the MU-MIMO performance.
5 Simulation Results

This section presents preliminary system-level simulation results. We used non-full buffer traffic model and PUSCH 3-1 mode for the baseline scheme based on SU-CSI. Also, we employ “category 2” as a baseline. The codebook subset restriction in [1] was used to improve MU-MIMO performance. Remaining simulation assumptions are given in Appendix. The following tables provide initial evaluation results of UMi and UMa scenarios with 1 and 2 CSI-RS processes. 
Table 2: Evaluation results for 8(M)×4(N)×2 antenna configuration in 3D-UMi (8 TXRUs)
	Traffic
	Performance Metrics
	PUSCH 3-1 SU-MIMO (baseline)
	PUSCH 3-1 with MU-CQI
	PUSCH 3-1 with rank-1
MUI
	PUSCH 3-1 with rank-2
MUI

	Low
(~20%)
	Load (Mbps/sector)
	8 ([image: image14.png]


)

	
	RU
	21.12 
	19.96
	19.14
	18.21

	
	UPT (Mbits/s)
	Mean
	39.75 (0%)
	39.35
	40.24
	41.84 (5%)

	
	
	50%
	39.60 (0%)
	38.83
	40.00
	43.96 (11%)

	
	
	5%
	13.94 (0%)
	13.51
	14.13
	15.75 (14%)

	Middle
(~50%)
	Load (Mbps/sector)
	14 ([image: image16.png]


)

	
	RU
	53.13
	48.43
	48.48
	46.62

	
	UPT (Mbits/s)
	Mean
	23.68 (0%)
	25.81
	25.22
	27.09 (14%)

	
	
	50%
	18.60 (0%)
	20.73
	20.41
	22.60 (22%)

	
	
	5%
	5.26 (0%)
	6.45
	6.44
	6.56 (25%)

	High

(~70%)
	Load (Mbps/sector)
	16.8 ([image: image18.png]


)

	
	RU
	68.07
	70.6
	64.73
	60.67

	
	UPT (Mbits/s)
	Mean
	18.38 (0%)
	17.20
	19.63
	22.35 (22%)

	
	
	50%
	13.20 (0%)
	12.46
	14.29
	16.67 (27%)

	
	
	5%
	3.28 (0%)
	3.65
	4.35
	4.63 (41%)


Table 2 shows the evaluation results of MUI and MU-CQI schemes for 8×4×2(X-pol) antenna configuration with 1 CSI-RS process, compared to SU-MIMO. We can see that the rank-1 MUI feedback provides a similar performance compared to MU-CQI feedback, while the rank-2 MUI gives a noticeable additional gain. In particular, the rank-2 MUI scheme can improve the mean UPT by 22% in the high load case, comparing to SU-MIMO. This result indicates that the performance benefit of dynamic rank switching enabled by the rank-2 MUI feedback is significant in the non-full buffer traffic model, where the probability of MU-MIMO pairing is quite low. 
Table 3: Evaluation results for 8(M)×4(N)×2 antenna configuration in 3D-UMi (16 TXRUs)

	Traffic
	Performance Metrics
	PUSCH 3-1 SU-MIMO (baseline)
	PUSCH 3-1 with MU-CQI
	PUSCH 3-1 with rank-1
MUI
	PUSCH 3-1 with rank-2
MUI

	Low
(~20%)
	Load (Mbps/sector)
	8 ([image: image20.png]


)

	
	RU
	18.87 
	18.99
	17.98
	17.15

	
	UPT (Mbits/s)
	Mean
	41.72 (0%)
	42.76
	42.64
	43.16 (4%)

	
	
	50%
	44.94 (0%)
	46.51
	45.98
	47.62 (6%)

	
	
	5%
	14.98 (0%)
	16.19
	16.88
	16.81 (12%)

	Middle
(~50%)
	Load (Mbps/sector)
	14 ([image: image22.png]


)

	
	RU
	41.44
	42.23
	40.54
	38.94

	
	UPT (Mbits/s)
	Mean
	30.32 (0%)
	29.76
	31.32
	32.68 (8%)

	
	
	50%
	26.85 (0%)
	26.32
	27.78
	29.41 (9%)

	
	
	5%
	7.49 (0%)
	8.00
	9.30
	8.94 (19%)

	High

(~70%)
	Load (Mbps/sector)
	18 ([image: image24.png]


)

	
	RU
	69.4
	63.63
	58.03
	56.85

	
	UPT (Mbits/s)
	Mean
	19.02 (0%)
	22.11
	23.81
	25.27 (33%)

	
	
	50%
	14.04 (0%)
	17.24
	19.14
	20.83 (49%)

	
	
	5%
	3.14 (0%)
	5.60
	6.84
	6.38 (103%)


Table 3 shows the evaluation results for 8×4×2(X-pol) antenna configuration with 2 CSI-RS processes. The rank-2 MUI still provides a noticeable UPT improvement. In particular, the rank-2 MUI scheme can improve the mean UPT by 33% in the high load case, compared to SU-MIMO.
Table 4: Evaluation results for 8(M)×4(N)×2 antenna configuration in 3D-UMa (16 TXRUs)

	Traffic
	Performance Metrics
	PUSCH 3-1 SU-MIMO (baseline)
	PUSCH 3-1 with MU-CQI
	PUSCH 3-1 with rank-1
MUI
	PUSCH 3-1 with rank-2
MUI

	Low
(~20%)
	Load (Mbps/sector)
	8 ([image: image26.png]


)

	
	RU
	18.69
	19.82
	18.69
	17.78

	
	UPT (Mbits/s)
	Mean
	41.02 (0%) 
	40.99
	42.25
	43.01 (5%)

	
	
	50%
	41.67 (0%)
	40.82
	44.94
	45.45 (9%)

	
	
	5%
	16.06 (0%)
	15.94
	15.69
	17.78 (11%)

	Middle
(~50%)
	Load (Mbps/sector)
	14 ([image: image28.png]


)

	
	RU
	47.69
	46.62
	47.42
	43.03 

	
	UPT (Mbits/s)
	Mean
	25.29 (0%)
	26.63
	26.54
	28.90 (14%)

	
	
	50%
	20.94 (0%)
	22.35
	22.22
	25.16 (20%)

	
	
	5%
	6.03 (0%)
	7.13
	7.30
	8.55 (42%)

	High

(~70%)
	Load (Mbps/sector)
	16.8 ([image: image30.png]


)

	
	RU
	68.7
	61.08
	57.28
	53.56 

	
	UPT (Mbits/s)
	Mean
	18.70 (0%)
	21.35
	22.81
	25.57 (37%)

	
	
	50%
	13.56 (0%)
	16.67
	18.02
	21.16 (56%)

	
	
	5%
	3.57 (0%)
	4.94
	5.69
	6.81 (91%)


Table 4 shows the evaluation results for 8×4×2(X-pol) antenna configuration with 2 CSI-RS processes for the UMa scenario. The rank-2 MUI scheme is shown to improve the mean UPT by 37% in the high load case, compared to SU-MIMO.
6 Conclusion
Observations : 

· A substantial MU-MIMO performance benefit can be realized even in the non-full buffer traffic.
· Flexible scheduling that includes the dynamic rank switching is relevant to noticeably improve the EBF/FD-MIMO performance.
Based on our initial evaluation results and observations, we have the following proposals: 
Proposal: 

· MU-CSI feedback should be revisited in the EBF/FD-MIMO context, considering the increased spatial resolution and the inaccurate MU-CQI prediction issue.
Reference
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A
Appendix

Table A: Evaluation assumptions.

	Parameter
	Value

	Scenarios
	3D-UMi, 3D-UMa (ISD 200m)

	Frequency
	2GHz

	Bandwidth
	10MHz (50RBs)

	eNB Antenna configurations
	1) (M,N,P, Q)=(8,4,2,8/16/24)
2) (M,N,P, Q)=(4,8,2,16/32/48)
Cross-polarization: +/-45 degrees

	UE configurations
	Speed:  3km/h

	
	2 Rx with X-polarized: 0/+90 degrees

	Scheduler
	PF 

	Down-tilt
	1) UMi
· 1 CSI-RS process:  104 
· 2 CSI-RS processes: 80, 100

	Traffic load
	Non-Full Buffer

	Transmit Mode
	Dynamic SU/MU: rank-adaption

	Receiver
	Non-Ideal DMRS channel estimation and interference estimation, detailed guidelines according to Rel. 12 [71-12] assumptions 

	
	MMSE-IRC receiver aligned with phase 1, detailed guidelines according to Rel. 12 [71-12] assumptions

	Hybrid ARQ
	Maximum 4 transmissions

	CSI Feedback 
	SU-MIMO: PUSCH 3-1 

MU-MIMO: wideband PMI/CQI/SL-CQI/MUI/MU-CQI

Periodicity: 5 ms 

	Overhead
	3 symbols for DL CCHs, 2 CRS ports and DM-RS with 12 REs per PRB 

	UE attachment
	Based on RSRP from CRS port 0 aligned with Phase-1

	Wrapping method
	Geographical distance based

	Handover margin
	3 dB


_1493117110.unknown

_1493117134.unknown

_1493119766.unknown

_1493134895.unknown

_1493119696.unknown

_1493117123.unknown

_1493036191.unknown

_1493036636.unknown

_1493036646.unknown

_1493036530.unknown

_1493036173.unknown

