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1 Introduction

According to the SID [1] on elevation beamforming/full-dimension MIMO (hereafter EBF/FD-MIMO), a main objective of this SI is to identify performance benefits of standard enhancements with the 2D active antenna system (AAS). In [2], we introduced a new MU-CSI feedback scheme, referred to as multi-user/UE interference indicator (MUI) for EBF/FD-MIMO, targeting high-order MU-MIMO. We believe that performance benefits of 2D AAS would strongly depend on how to exploit the potential MU-MIMO performance gain of EBF/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. In order to show the performance benefits of the proposed MU-CSI feedback, we provide initial evaluation results using the 2D antenna array with up to 16 TXRUs. In this contribution, we restrict our attention to horizontal beamforming (i.e., horizontal 2D-BF) in the 3D channel model for the sake of simplicity. In the previous RAN1 meeting, it was agreed that [4]

· The number of columns (N) of antenna elements for homogeneous scenarios for Phase 2
· N = {1, 2, 4} 1st priority

· N = {8, 16} 2nd priority

Following this agreement, we provide some evaluation results for more than 4 columns cases (specifically, 8 columns with X-pol and even 16 columns with co-pol).
2 Preliminaries 
2.1 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. In this contribution, we review only the rank-1 CSI case. For more details, refer to [2].
We assume here the eNB has Q 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
[image: image1.wmf]k

r

, 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. We may restrict co-PMIs as Q 
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1 PMIs orthogonal to the own PMI and to each other, i.e., L =Q 
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1, which we call partial MUI feedback. In this contribution, we consider only full MUI feedback, where all precoding vectors selected by a codebook subset restriction are used to report MUIs. 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 
[image: image15.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

÷

÷

ø

ö

ç

ç

è

æ

+

÷

÷

ø

ö

ç

ç

è

æ

=

3

7

2

7

1

7

63

 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.
2.2 Codebook subset restriction for MU-MIMO
Assuming the large number of antenna ports with high UE density, which is the typical case of EBF/FD-MIMO, we need to consider a codebook subset restriction. By disabling some codewords, we can reduce the SU/MU-CSI feedback overhead and even improve the MU-MIMO performance with limited feedback. In the following, we provide a simple method for the codebook subset restriction. 
Following the notations and examples in [3], we present our codebook subset restriction for the rank-1 case of Rel-10 8-Tx codebook as follows:
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By imposing the above restriction, we can see that the resulting
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 consists of orthogonal precoding vectors (PMIs), and so the other
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does. Under this restriction, each UE needs not to report the 1st PMI. For the full MUI feedback scheme considered here, UE has to report L = 2Q 
[image: image19.wmf]-

1 MUIs in the wideband feedback mode. In fact, the above subsets are based on the 2-oversampled (i.e., two phase-shifted versions) 4-point DFT matrix with BPSK co-phasing. 
2.3 Double codebook extension to 16-Tx
In order to evaluate the performance of horizontal BF with more than 8-Tx antenna ports, we need to define a new codebook. In the following, we present a straightforward extension of the Rel-10 8-Tx codebook for the purpose of initial evaluations. 
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As shown here, the proposed 16-Tx codebook consists of the 4-oversampled 8-point DFT matrix with QPSK co-phasing. Hence, the feedback mechanism and overhead are just the same as the current 8-Tx codebook. 
In the same way in Section 2.2, we can define a codebook subset restriction for the 16-Tx (i.e., 16-TXRU) case. The resulting subset comes from the 2-oversampled 8-point DFT matrix with BPSK co-phasing. 
3 Feedback Overhead 
The uplink feedback overhead for 10 MHz bandwidth downlink is captured in Table 2 for wideband (wb) MU-CSI feedback compared with PUSCH 3-1. For example, let Q = 16 and L = 2Q 
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1 = 31, implying that we utilize only 31 predetermined co-PMIs according to the codebook subset restriction in Section 2 for MU-MIMO hypotheses. For MU-CSI schemes, we use wb PMI and wb CQI for SU-MIMO to enable SU/MU-MIMO dynamic switching. In this case, another wb PMI (for MU-MIMO) resulting from the subset restriction in Section 2.2 consumes log22Q = 5 bits. We also assume that wb MU-CQI is reported as 2-bit offsets to wb CQI. 
Table 1: Wideband MU-CSI feedback overhead comparison (T=9 subbands; Q=16 TXRUs, L=31 co-PMIs) 
	Feedback schemes
	RI
	PMI
	CQI
	MU-CQI 
	MUI
	Total

	PUSCH 3-1 (baseline)
	1
	8 = 4(1st)  + 4(2nd)
	4+2T
	—
	—
	31

	MUI
with 2-bit offset 
	1
	8+5
	4+4
	—
	2L
	84

	1-bit MUI 
	1
	8+5
	4+4
	—
	L
	53

	MU-CQI
with 2-bit offset (S = 2)
	1
	8+5
	4+4
	2L
	—
	84

	MU-CQI
with 2-bit offset (S = 3)
	1
	8+5
	4+4
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From Table 1, we can see that wb MUI schemes require a moderate increase in the CSI feedback overhead relative to PUSCH 3-1. We point out that MU-CQI seems infeasible to support co-scheduling more than 2 layers in this case. Bearing this overhead comparison in mind, we are about to compare the performance of wb MU-CSI schemes with that of sb SU-CSI (i.e., PUSCH 3-1) for 8 and 16 TXRUs in the following section. 
Notice that we can further reduce the feedback overhead of MUI by employing partial MUI instead of full MUI at the cost of some performance degradation. In this case, the total overhead of 2-bit offset MUI becomes 52 bits (even smaller than 59 bits of PUSCH 3-2). Moreover, we can save additional 12 bits for SU/MU-MIMO switching when the number of columns is large (e.g., N≥8) and UE density is not low. This is because MU-MIMO outperforms SU-MIMO with high probability thanks to high spatial resolution and hence we do not need SU/MU-MIMO switching at all for this case.
4 Preliminary Simulation Results
This section presents preliminary system-level simulation results. For ease of simulations, we used only full-buffer traffic model, the wb feedback for MU-CSI enhancement schemes, and PUSCH 3-1 mode for the baseline scheme based on SU-CSI. The codebook subset restriction in Section 2 was used to improve MU-MIMO performance. The number of antenna elements is 64 in all cases and the number of TXRUs is 8 or 16. We consider co-pol ULA case as well. Remaining simulation assumptions are given in Appendix. In this contribution, we focus on horizontal BF and hence there is no per-UE (dynamic) vertical BF. We will come up with simulation results more in line with the agreed evaluation methodology for FD-MIMO SI in the subsequent RAN1 meetings. However, the initial results here would be sufficient at least to show some performance benefit by co-scheduling more than 2 layers. 
Table 2 shows the evaluation results of MUI and MU-CQI schemes for 8×4×2(X-pol) antenna configuration with 8 TXRUs, compared to SU-MIMO. For ease of simulation, we used 4 bits per MU-CQI without differential encoding, while PUSCH 3-1 is used for SU-MIMO. Even if we show here only SU-MIMO with PUSCH 3-1, notice that even the wb MU-CQI feedback scheme is expected to outperform SU/MU-MIMO with SU-CSI only.
Table 2: Preliminary evaluation results for 8(M)×4(N)×2 antenna configuration (8 TXRUs)
	Feedback schemes
	Cell average throughput (bps/Hz)
	Median UE throughput (bps/Hz)
	5% UE 
throughput (bps/Hz)

	PUSCH 3-1 SU-MIMO (baseline)
	UMa
	2.19 (0%)
	0.17 (0%)
	0.05 (0%)

	
	UMi
	2.35 (0%)
	0.19 (0%)
	0.05 (0%)

	wb MUI 
	UMa
	2.63 (20%)
	0.21 (24%)
	0.06 (17%)

	
	UMi
	2.85 (22%)
	0.24 (26%)
	0.06 (18%)

	wb MU-CQI 
(S = 2)
	UMa
	2.46 (12%)
	0.20 (16%)
	0.04 (-4%)

	
	UMi
	2.53 (7%)
	0.20 (2%)
	0.04 (-5%)


Tables 3 and 4 provide some simulation results on the 2nd priority antenna configurations. Table 3 shows the evaluation results of MUI and MU-CQI schemes for 4×8×2 antenna configuration with 16 TXRUs. Thanks to the increased spatial separation in horizontal BF, better MU-MIMO performance gain is achieved. In particular, the MUI performance gap between 3D-UMi and 3D-UMa is larger than the case in Table 2. Accordingly, we conjecture that the channel statistics of 3D-UMi like high LoS probability seems more beneficial to take advantage of high-order MU-MIMO gain as the number of horizontal antennas increases.

Table 3: Preliminary evaluation results for 4(M)×8(N)×2 antenna configuration (16 TXRUs)
	Feedback schemes
	Cell average throughput (bps/Hz)
	Median UE throughput (bps/Hz)
	5% UE 
throughput (bps/Hz)

	PUSCH 3-1 SU-MIMO (baseline)
	UMa
	2.23 (0%)
	0.17 (0%)
	0.05 (0%)

	
	UMi
	2.62 (0%)
	0.20 (0%)
	0.06 (0%)

	wb MUI 
	UMa
	3.33 (50%)
	0.27 (57%)
	0.07 (42%)

	
	UMi
	3.80 (45%)
	0.30 (50%)
	0.08 (24%)

	wb MU-CQI 
(S = 2)
	UMa
	2.99 (34%)
	0.25 (47%)
	0.06 (23%)

	
	UMi
	3.21 (23%)
	0.27 (34%)
	0.08 (33%)


Table 4 shows the evaluation results for 4×16×1 (co-pol ULA) antenna configuration. Comparing this with Table 3, both of which have the same number of TXRUs and antenna elements, we can see which antenna configuration achieves much better MU-MIMO performance benefits. Therefore, the co-pol ULA configuration deserves RAN1’s attention in this SI. Meanwhile, the aperture of 4×16×1 2D-array is about 20cm × 60cm in 3.5 GHz. Over all, we may need to shift MIMO paradigm more toward MU-MIMO in this EBF/FD-MIMO SI. As spatial resolution increases, MU-MIMO performance turns out to significantly improve while SU-MIMO remains the same.
Table 4: Preliminary evaluation results for 4(M)×16(N)×1 antenna configuration (16 TXRUs)
	Feedback schemes
	Cell average throughput (bps/Hz)
	Median UE throughput (bps/Hz)
	5% UE 
throughput (bps/Hz)

	PUSCH 3-1 SU-MIMO (baseline)
	UMa
	2.16 (0%)
	0.17 (0%)
	0.05 (0%)

	
	UMi
	2.48 (0%)
	0.21 (0%)
	0.06 (0%)

	wb MUI 
	UMa
	4.12 (91%)
	0.33 (94%)
	0.07 (28%)

	
	UMi
	4.61 (86%)
	0.38 (81%)
	0.09 (48%)

	wb MU-CQI 
(S = 2)
	UMa
	—  (%)
	—  (%)
	—  (%)

	
	UMi
	—  (%)
	—  (%)
	—  (%)


Figure 1 depicts a snapshot on time variation of SNR and INRs of a “good (for MU-MIMO)” UE in 4×16×1 antenna configuration. The INR behaviors expose why we can do better with MUI feedback in this ULA configuration. Figure 2 compares the CDFs of N=4 X-pol and N=16 ULA cases in terms of the number of co-scheduled layers for MUI feedback. These results imply that we can achieve high-order MU-MIMO by MUI feedback and by increasing spatial resolution in horizontal direction. The spatial resolution improvement in vertical direction will bring a noticeable performance benefit as well. Therefore, we need to compare 2D-BF and 3D-BF at least to see if the performance of 2D AAS sufficiently compensates its cost. 
Figure 1: SNR and INR variation over time for the configuration in Table 4 
(Green: SNR, Others: INRs, dB scale)
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Figure 2: CDF of the number of co-scheduled layers  
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M=4, N=16, ULA MUI (wideband)                    M=8, N=4, Xpol MUI (wideband)
In this contribution, the performance of 1-bit MUI feedback was omitted as we need more time to optimize its threshold by taking some implementation aspects into account. It should be pointed out that the MUI feedback scheme will show significant performance gain over SU-MIMO for 3D-BF as well. Finally, we should consider DM-RS enhancement in conjunction with MU-CSI feedback. A standard transparent DM-RS enhancement enabled by MUI feedback can be found in [5].
5 Conclusion
Observations : 

· The wideband MUI feedback scheme achieves a significant performance gain compared to the wideband MU-CQI feedback as well as SU-MIMO with PUSCH 3-1.
· For MUI feedback, co-pol ULA is shown to yield a much better performance than the X-pol antenna configuration, assuming the same number of TXRUs.
Based on our initial evaluation results and observations, we present the following proposals: 
Proposals: 

· Consider the MUI feedback scheme as a possible enhancement to realize high-order MU-MIMO gain 
· more than 4 columns deserve more attention in this SI 
· Co-pol ULA configuration should be considered in this SI
· Assuming the same numbers in terms of TXRUs and antenna elements, evaluate the performances of 2D-BF as well as 3D-BF to see which one is better in the 3D channel model.
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A
Appendix

Table A: Evaluation assumptions.

	Parameter
	Value

	Channel model 
	3D-UMa (ISD 500m), 3D-UMi (ISD 200m) 

	UE attachment 
	Based on RSRP (formula) from CRS port 0

	Carrier Frequency 
	2GHz 

	Duplex
	FDD

	Network Layout
	19 sites

	Network sync
	Synchronized

	Bandwidth
	10MHz 

	Configuration of Tx/Rx antennas
	1) M=8, N=4, X-pol (8 TXRUs)
2) M=4, N=8, X-pol (16 TXRUs)
3) M=4, N=16, co-pol ULA (16 TXRUs)

	Number of Tx antenna elements
	64

	Configuration of Rx antennas
	2 Rx X-pol

	Number of UEs per cell 
	10

	UE distribution 
	According to TR36.873  

	UE speed
	3km/h

	Polarized antenna modelling
	Model-1 from TR36.873

	UE array orientation 
	ΩUT,α  uniformly distributed on [0,360] degree, ΩUT,β = 90 degree, ΩUT,γ = 0 degree 

	UE antenna pattern 
	Isotropic antenna gain pattern A’(θ’,ф’) = 1 

	Wrapping method
	Geographical distance based 

	Handover margin 
	3 dB

	Traffic model
	Full-buffer

	Number of layers
	SU-MIMO: 2
MU-MIMO: up to 8 layers for MUI

	Scheduler
	Proportional fair

	Feedback
	SU-MIMO: PUSCH 3-1 

MU-MIMO: wideband PMI/CQI/MUI/MU-CQI
Periodicity: 5 ms 

	Subband granularity
	6 RBs

	Receiver
	Ideal channel estimation 
MMSE-IRC receiver 

	Interference model
	Ideal interference estimation from IMR

	Hybrid ARQ
	Maximum 4 transmissions

	Feedback
	PUSCH 3-1 
CQI and PMI reporting triggered per 5ms 
Feedback delay is 5 ms 

	Overhead
	3 symbols for DL CCHs, 4 CRS ports and DM-RS with 12 REs per PRB
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