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1. Introduction
MU-MIMO is considered to be a key technology in NR to satisfy the 5G requirement. With the possibility of mounting larger antenna arrays, it is possible to extend the LTE MU-MIMO technologies to support higher order MU-MIMO. During the RAN1 #86bis meeting, the following agreements which are related to MU-MIMO transmissions have been reached [1],

	Agreements:
· Study variable/configurable DL/UL RS pattern for demodulation 

· For data channel and control channel
· At least density can be configurable

· FFS: other configurability

· The applicable scenarios need to be studied

· Study multi-set DL/UL RS for control and/or data demodulation 

· The first set is front-loaded (i.e. loaded in the front of RB) 

· Other set(s) can be configured for different purposes

· Details FFS (e.g. higher frequency/time density, Rx beam detection, RSRP/CSI-reporting, phase noise compensation)
Agreements:
· Study design of demodulation RS for broadcast channel, control channel and data channel

· Separate vs. joint design

· Study on design of demodulation RS for data channel 

· Whether or not the same principle for UL and DL RS pattern design 

· How to map DM RS in symbols of a slot

· Max # of orthogonal DL DMRS ports for SU/MU-MIMO scheduling


At the RAN1 #87 meeting, more details about MU-MIMO transmissions and corresponding DMRS design have been agreed [2],
	Agreements:
· Support variable/configurable DMRS pattern for data demodulation 

· FFS: Time and/or frequency domain density can be configured  

· FFS: RE location can be configured

· At least one configuration supports front-loaded DMRS pattern


In this contribution, we discuss several issues on the high-order MU-MIMO transmission in NR, including the MU dimensions and corresponding MU-CQI reporting schemes.

2. Discussion on MU-MIMO Transmissions

MU-MIMO transmission can improve the cell throughput and spectrum efficiency especially with large scale antenna arrays, i.e., massive MIMO technologies. During the LTE evolution, MU-MIMO has been introduced and enhanced in several releases. In NR systems, since more use cases and scenarios have been foreseen and larger scale antenna arrays will be introduced, several key factors affecting downlink MU-MIMO transmission should be studied in order to specify a high-efficiency downlink MU-MIMO transmission scheme for NR systems. In this section, we discuss these factors.

2.1. NR MU-MIMO Dimension
The number of maximum MU layers that can be supported by the system, i.e., MU dimension, is a key parameter of the MU transmission scheme. It has impacts on demodulation RS and control signalling design. The exact number of the maximally supported MU layers should be decided based on evaluations. At the RAN1 #86 meeting, the MU dimension has been decided to be at least 8 layers for both SU- and MU-MIMO transmissions, which is a starting point for the study of MU dimensions.

On sub-6GHz bands, NR considers large scale array with more TXRUs, which has large potential on spatial multiplexing. Spatially multiplexing more than 8 layers can be supported by such transmitters. Based on our initial evaluation results shown in the Appendix A, we observe large performance gain achieved by extending MU dimension to more than 8 layers, especially when users are densely distributed, i.e., in a scenario with 20 UEs per TRP.

Observation 1: On sub-6GHz bands, large scale array with more TXRUs can support high-order MU-MIMO transmission with more than 8 layers, depending on the scenarios. For the scenarios where UEs are densely distributed, significant performance gain is observed when at least 12-layer MU-MIMO transmission are supported. 
On higher frequency such as mmWave bands, various MIMO schemes will be studied and used considering different propagation characteristics and antenna manufactory techniques. The ability of MU-MIMO transmission varies a lot since the devices have different capabilities on generating and switching analog beams. Therefore, we have the following observation.

Observation 2: On higher carrier frequency bands, the number of layers for the MU-MIMO transmission depends highly on the device, e.g., its capability on analog beamforming.

As the maximum number of layers for MU-MIMO transmission depends on available frequency bands and practical devices, unnecessary overhead will be introduced due to the corresponding DMRS and control signalling if we design the MU dimension always assuming the maximum possible layers for all scenarios and devices. Based on these observations, we propose that NR shall allow for flexibility in terms of the maximum number of layers for different deployment scenarios with different antenna array configurations. For lower frequency bands, according to the evaluation results, we propose
Proposal 1: Support at least 16 layers for downlink MU-MIMO transmissions for lower frequency bands. This does not necessarily mean that 16 DM-RS ports are required.
2.2. Interference Measurements and CQI Reporting for MU-MIMO Transmissions
CQI reporting from UEs plays an important role on the link adaption. When high-order MU-MIMO transmissions are used in the system, a UE suffers from both the inter-cell and intra-cell interferences. The intra-cell interference, aka, multi-user interference (MUI), highly depends on the spatial multiplexed layers. In current LTE systems, MUI is not considered in the UE CQI reporting, and the CQI reported by UE is actually based on the hypothesis of single user transmissions. When the MU dimension becomes large, the MUI condition at UE side is more complex and hard to be predicted by the base station. It has been found that MU-CQI reporting from UE is beneficial for the system performance during the eFD-MIMO enhancements for LTE Rel. 14 [3]. In NR scenarios, it is shown by some initial evaluation results in Appendix B that MU-CQI report also provides significant gain on the packet throughput.
As we observed in this contribution, the MU dimension in NR should be further extended at least in some scenarios, which results in more complex MUI condition at UE side. Realistic MU-CQI reporting from UEs are more important for NR when high-order MU-MIMO transmission are considered.  

Proposal 2: Support the MU-CQI measurement and reporting in NR for high-order MU-MIMO transmission.
2.2.1. MU interference measurements
During the Rel. 14 WI of LTE eFD-MIMO enhancements, several MU interference measurement schemes have been studied, including the CSI measurements based on NZP CSI-RS [4], aperiodic CSI-IM [5], or DMRS [3]. Effectiveness of proposed MU interference measurement/reporting schemes are verified by evaluated performance gains. The pros and cons of these schemes have been discussed in the corresponding contributions. According to these analysis and evaluations, it can be observed that there exist variant ways to measure the MU interference for the MU-MIMO transmission. It is beneficial if the TRP can flexibly select the schemes according to the situation. For example, in case of dynamic changing the user pairing from time to time, it is more appropriate to trigger an aperiodic CSI-RS based interference measurements before the downlink transmissions. If pairing of UEs is stable with only minor update, DMRS based MU-CQI measurement is beneficial due to lower RS overhead. In order to provide such flexibility, a unified framework of interference and CSI measurements for MU-MIMO transmissions should be supported in NR. Therefore, we propose a flexible configuration of measurement resources, based on variant RS ports, including NZP CSI-RS, ZP CSI-RS, DMRS; and possibly data transmission resources. With such CSI framework, the existing 3 CSI-IM schemes and their combinations can be supported in NR. The system can utilize this framework to schedule variant kinds of CSI-IM considering the detailed user scheduling constraints and overhead reduction. This would simply necessitate specifying higher layer signaling, but this increases UE complexity and the effort on CQI reporting test if defined. Hence, the basic combination(s) may need to be determined or the supportable combinations would be selected. Hence our proposal is then
Proposal 3: Flexible interference measurement is supported by allowing flexible combinations of NZP CSI-RS, ZP CSI-RS, DMRS, and other NR RS ports in the interference measurement configurations.
In current three interference measurement schemes, emulated (CSI-RS based) or realistic (DMRS based) MU downlink transmission signals are transmitted on corresponding ports. When such signals are transmitted to multiple dedicated UEs, different UEs will have different understanding on the received signal from ports. Among configured ports, one or more ports are the signal ports to a dedicated UE but other UEs should treat these ports as MU interference. Therefore, when we configure such a group resource to UEs for the MU-CQI measurement, it should be notified to each UE that which ports should be treated as signal ports during each measurements. For CSI-RS (ZP or NZP) based measurements, when the CSI resource is scheduled, the signal and interference ports can be indicated to UE in the signalling which schedules the CSI measurement and report. For DMRS based measurements, the corresponding information exists in the DCI which schedules PDSCH transmissions. Detailed schemes should be studied to indicate UE considering different cases.
Proposal 4: Consider the dynamic indication of signal and IM ports.
2.2.2. MU-CQI reports
During the study of eFD-MIMO enhancements, it has been shown that the fast report of MU-CQI is important to improve the system performance. For LTE enhancements, aperiodic CSI-RS feedback can be used to report MU-CQI, which follows the timing of aperiodic CSI-RS procedures and a corresponding PUSCH should be scheduled for the feedback. To timely feedback the MU-CQI with little overhead, we propose further study a mechanism for fast MU-CQI reporting. Especially, when DMRS ports and corresponding data transmissions are configured as a part of interference measurement resources, the corresponding MU-CQI measurement results can be attached or combined with HARQ feedback and promptly reported. 
Proposal 5: NR support the fast feedback of MU-CQI.

Proposal 6: Enhanced HARQ with MU-CQI feedback should be considered when MU-CQI is measured on DMRS ports.

3. Conclusion
We discussed several issues about high-order MU-MIMO transmissions in NR. Based on these discussions and evaluations, we have following observations and proposals,
Observation 1: On sub-6GHz bands, large scale array with more TXRUs can support high-order MU-MIMO transmission with more than 8 layers, depending on the scenarios. For the scenarios where UEs are densely distributed, significant performance gain is observed when at least 12-layer MU-MIMO transmission are supported. 

Observation 2: On higher carrier frequency bands, the number of layers for the MU-MIMO transmission depends highly on the device, e.g., its capability on analog beamforming.

Proposal 1: Support at least 16 layers for downlink MU-MIMO transmissions for lower frequency bands. This does not necessarily mean that 16 DM-RS ports are required.
Proposal 2: Support the MU-CQI measurement and reporting in NR for high-order MU-MIMO transmission.
Proposal 3: Flexible interference measurement is supported by allowing flexible combinations of NZP CSI-RS, ZP CSI-RS, DMRS, and other NR RS ports in the interference measurement configurations.
Proposal 4: Consider the dynamic indication of signal and IM ports.
Proposal 5: NR support the fast feedback of MU-CQI.

Proposal 6: Enhanced HARQ with MU-CQI feedback should be considered when MU-CQI is measured on DMRS ports.
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Appendix A: Evaluation Results on MU Dimensions
Table A shows the simulation assumptions used for the evaluations about the MU dimensions. Table B and Table C show the average cell throughput and 5% UE throughout in NR UMa scenario with 20 and 10 UEs per TRP, respectively. And Table D and Table E list the average cell throughput and 5% UE throughput in Indoor, Dense Urban, and Hotspot scenarios, respectively.
Table A: Evaluation assumptions 
	Parameter
	Values

	Scenario
	NR Urban macro
	Dense Urban

(Small Cell Layer)
	Indoor hotspot

	Carrier frequency
	4 GHz

	Bandwidth
	20 MHz (Downlink)

	BS Tx power
	49 dBm
	33 dBm
	24 dBm

	BS antenna configurations
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1),
(dH, dV) = (0.5, 0.8)[image: image2.png]



	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1),
(dH, dV) = (0.5, 0.8)[image: image4.png]



	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1),
(dH, dV) = (0.5, 0.8)[image: image6.png]




	BS antenna pattern
	According to Table A.2.1-3

	BS TXRU mapping
	One-to-one port mapping

	UE antenna configurations
	(M, N, P) = (1, 1, 2)

	UE distribution 
	80% indoor, 20% outdoor
	80% indoor, 20% outdoor
	Indoor

	UE attachment 
	Based on RSRP from CRS BS port 0 

	UE antenna pattern
	Omni-directional

	UE velocity
	3kmph

	Traffic model
	Full buffer

	UE number per TRP
	10/20
	10 per macro sector TRP

 20 per small cell TRP
	10

	UE receiver
	MMSE-IRC

	CSI acquisition
	Ideal case:

· CDI: Ideal based on channel reciprocity, sounding period 1ms

· CQI/RI: UE feedback, feedback period 1ms, latency 1ms
Non-ideal case:

· CDI: Based on channel reciprocity, sounding period 5ms and latency 1ms, with sounding error (MSE -20dB) and antenna mis-calibration (0.5 dB, 5 deg).

· CQI/RI: UE feedback, feedback period 5ms, latency 5ms

	Scheduler
	Multi-user PF scheduler

	MU dimension
	8 / 12 / 16


Table B: NR Urban Macro Scenario 4GHz, 20 UEs per TRP, 10 MHz bw.

	Evaluation case
	Performance metric
	MU dimension

	
	
	8
	12
	16

	Ideal
	Spectrum efficiency [bps/Hz]
	Average
	7.9
	8.7
	8.7

	
	
	5% UE
	0.07
	0.06
	0.06

	Non-ideal
	Spectrum efficiency [bps/Hz]
	Average
	7.4
	8.2
	8.2

	
	
	5% UE
	0.06
	0.06
	0.06


Table C: NR Urban Macro Scenario 4GHz, 10 UEs per TRP, 10 MHz bw.

	Evaluation case
	Performance metric
	MU dimension

	
	
	8
	12
	16

	Ideal
	Spectrum efficiency [bps/Hz]
	Average
	7.9
	7.9
	7.7

	
	
	5% UE
	0.13
	0.12
	0.12

	Non-ideal
	Spectrum efficiency [bps/Hz]
	Average
	7.4
	7.5
	7.5

	
	
	5% UE
	0.11
	0.12
	0.11


Table D: Dense Urban Scenario 4GHz, 20 UEs per TRP, 20 MHz bw.

	Evaluation case
	Performance metric
	MU dimension

	
	
	8
	12
	16

	Ideal
	Spectrum efficiency [bps/Hz]
	Average
	8.3
	9.4
	9.6

	
	
	5% UE
	0.11
	0.11
	0.11

	Non-ideal
	Spectrum efficiency [bps/Hz]
	Average
	7.8
	8.5
	8.7

	
	
	5% UE
	0.09
	0.09
	0.09



Note: Both macro and small cell layers (including TRPs and UEs) are dropped in this scenario, but only the performance of small cell layer is evaluated after the UE layer selection.

Table E: Indoor hotspot Scenario 4GHz, 10 UEs per TRP, 20 MHz bw.

	Evaluation case
	Performance metric
	MU dimension

	
	
	8
	12
	16

	Ideal
	Spectrum efficiency [bps/Hz]
	Average
	2.9
	2.9
	2.9

	
	
	5% UE
	0.03
	0.03
	0.03

	Non-ideal
	Spectrum efficiency [bps/Hz]
	Average
	2.6
	2.7
	2.6

	
	
	5% UE
	0.03
	0.03
	0.03


Appendix B: Evaluation Results on MU-CQI Feedback
Table F shows the simulation assumptions used for the evaluations on MU-CQI feedback. Table G shows the evaluation results.
Table F: Evaluation assumptions 
	Parameter
	Values

	Scenario
	NR Urban macro

	Carrier frequency
	4 GHz

	Bandwidth
	10 MHz (Downlink)

	BS Tx power
	49 dBm

	BS antenna configurations
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1),
(dH, dV) = (0.5, 0.8)[image: image8.png]




	BS antenna pattern
	According to Table A.2.1-3

	BS TXRU mapping
	One-to-one port mapping

	UE antenna configurations
	(M, N, P) = (1, 1, 2)

	UE distribution 
	80% indoor, 20% outdoor

	UE attachment 
	Based on RSRP from CRS BS port 0 

	UE antenna pattern
	Omni-directional

	UE velocity
	3kmph

	Traffic model
	FTP-1

	UE receiver
	MMSE-IRC

	CSI acquisition
	CDI: Based on channel reciprocity.
CQI/RI: UE feedback, feedback period 1ms, latency 1ms
· Baseline: CQI is based on CSI-RS which port number is equal to AE number (one-to-one mapping).

· MU-CQI: MU-CQI is measured based on DMRS ports with fast feedback.

	Scheduler
	Multi-user PF scheduler

	MU dimension
	16


Table G: Initial simulation results on MU-CQI measurement and report

	
	Baseline
	MU-CQI

	RU [%]
	91%
	87%

	Average PTH [Mbps]
	18.6
	24.7 (+33%)

	5% UE PTH [Mbps]
	3.9
	5.8 (+48%)
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