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1. Introduction

During the RAN1 #88 meeting, NR CSI measurement schemes and corresponding interference measurement resource (IMR) are discussed, and the following agreements were achieved during the meeting,
	Agreements:

· NR supports ZP CSI-RS based interference measurement for CSI feedback

· Note: this support is not transparent to specification

· FFS the case of DM-RS & NZP CSI-RS based interference measurement for CSI feedback

· Whether to support one of them or both

· Whether the support is transparent to specification or not

Agreements:

· NR supports aperiodic, semi-persistent (as a working assumption), and periodic IMR based on ZP CSI-RS for interference measurement for CSI feedback

· For IMR based on ZP CSI-RS, above three different time-domain behaviors are configured in the resource setting(s).

· FFS the potential impact on PDSCH rate matching


As a relevance, there is also a working assumption about the DMRS port number for downlink MU-MIMO transmissions, which is

	Working assumption:

· Support at least the following design of DL DM-RS for data channels

· Support the maximal 12 orthogonal DL DMRS ports for MU-MIMO
· Companies are encouraged to perform SLS especially assuming practical channel and interference estimations


In this contribution, we discuss the interference measurement issues for NR and provide corresponding evaluation results, considering downlink multi-user- (MU-)MIMO transmissions.

2. NR CSI Measurement
Channel state information (CSI) measurement and subsequent CSI reporting from UEs play an important role on downlink data transmissions. The accuracy of channel quality indicator (CQI) in CSI, which is used for link adaption, has a large impact on the downlink transmission quality. To obtain an accurate CQI measurement, the gNB should enable UE to measure the corresponding signal and interference power by reference signals (RS), which shall emulate as much as possible the actual data transmission.
According to the progress of RAN1 #88 meetings, downlink multi-user- (MU-)MIMO transmissions with at least 12 layers on 12 orthogonal DMRS ports will be supported in NR, whereas maximum 8 layers are supported for LTE Rel. 14. The intra-cell interference, aka, multi-user interference (MUI), highly depends on the number of spatial multiplexed layers. With more spatial multiplexed layer, a UE faces more complex MUI conditions which cannot be accurately predicted by the gNB without proper CSI. In current LTE systems, MUI is not considered in the UE CQI reporting. The CQI reported by the UE is practically based on the hypothesis of single user transmissions. With the application of large scale MIMO technology and high-order MU-MIMO in NR systems, MUI will become one of the major interference sources which impacts on the UE receiving performance. NR should provide a mechanism to support MUI measurements at the UE side.
During the Rel. 14 WI of LTE eFD-MIMO enhancements, interference measurement based on NZP CSI-RS [3], aperiodic CSI-IM [4], or DMRS [2] have been studied. 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.
For the MUI measurement, there is a commonality among all proposed schemes that the MUI should be emulated at the RS (ZP or NZP) transmission to UEs based on the intended MU scheduling (i.e., user pairing) results. For CSI-RS based schemes, the emulated MU transmission signals can be transmitted on a group of CSI-RS ports. The emulated signals can be generated with a group of pre-scheduled UEs. With a high probability, the CSI-RS transmission takes the form of beamformed CSI-RS. To reduce the measurement overhead, it is further considered to try to measure channel and interference based on the same NZP-CSI-RS. For DMRS based schemes, the realistic MUI can be measured based on the realistic UE scheduling, where the DMRS ports play similar role as a group of beamformed NZP-CSI-RS ports regarding to measurement. For different purposes of channel and/or interference measurement, different UEs have different understanding on the ZP/NZP type of the RS ports, which should be notified to UEs dynamically. As discussed, the commonalities between the CSI-RS and DMRS based schemes enable us to consider a unified framework for NR CSI measurement.
Observation 1: Commonalities are observed on the proposed interference measurement schemes, including the similar signals transmitted on the ports, necessary signalling for indication, and RS ports usage.
Proposal 1: Specify a unified CSI measurement framework for downlink MU-MIMO transmissions, with which the measurement schemes based on CSI-RS and DMRS are supported.
2.1. DMRS based CSI measurement

DMRS based CSI measurement has lower RS overhead than that based on CSI-RS ports. The major concern on this scheme is that DMRS is transmitted only on scheduled subbands and time slots and the UE paring may be changed from time to time, which limits the usage of the measurement results. In this section, we will investigate the characteristics of the DMRS based MU-CQI to clarify the effectiveness of it.

Under the simulation assumptions shown in Table A of Appendix, we compared the DMRS based MU-CQI with the post-detection SINR of following data transmissions. For comparison, the difference between CSI-RS based SU-CQI and the post-detection SINR is also compared. Figure 1 shows the CDF of the differential values between post-detection SINR of PDSCH transmissions and CQIs obtained from different measurement schemes and different latency.
As shown in Figure 1, the DMRS based MU-CQI can serve as a good estimation of the link quality of following PDSCH transmissions compared with the SU-CQI even without any user scheduling restriction. Due to the differences on the signal model and CQI estimator, the SU-CQI measured on the CSI-RS ports are systematic bias compared with post-detection SINR.
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Figure 1: Differentials between post-detection SINR and SU-CQI or DMRS based MU-CQI. 
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Figure 2: Differentials between post-detection SINR and SU-CQI or DMRS based MU-CQI with MU-CQI extension. 

Another concern about DMRS based MU-CQI is its availability on partial TTIs and subbands. The available MU-CQI can be regarded as time and frequency domain samples of MU-CQI, and be used to predict the MU-CQI on subbands of the following TTIs. By this way, we can also obtain a complete MU-CQI results on all subbands. Therefore, it is not necessary to introduce any restriction on UE scheduling. Figure 2 shows the differential value of MU-CQI after the prediction based on available samples. Compared with the curve without prediction, only minor gap is observed and it is still much better than the SU-CQI based on CSI-RS ports.
Based on the analysis on characteristics of MU-CQI measured on DMRS ports, the following observations can be made.
Observation 2: MU-CQI measured on DMRS ports is robust against the variation of the UE scheduling, which can be used to predict the link quality of following PDSCH transmission.

Observation 3: With MU-CQI prediction on all subbands, MU-CQI measured on DMRS ports can be extended to predict the link quality on those TTIs and subbands without recent PDSCH transmissions.
We also evaluate the system level performance of DMRS based MU-CQI. The simulation assumptions and results of the performance evaluation are provided in the Appendix. We consider the DL MU-MIMO transmissions in NR UMa scenario with reciprocity based CSI acquisition in TDD mode, where SRS channel estimation error and antenna mis-calibration are modelled during the evaluations. The evaluation shows that the DMRS based interference measurement provide significant performance gain compared with the baseline scheme, especially for the 5% UE packet throughput or with higher traffic load.
Observation 4: DMRS based interference measurement provides significant gain on packet throughput for reciprocity based DL transmissions with considered non-ideal factors of reciprocity based CSI acquisition after considering realistic channel estimation models.

· It is beneficial for edge UE with significant performance gain on 5% UE packet throughput.
· It is beneficial when traffic load is high and high-order MU-MIMO DL transmission is used, where significant performance gains on both cell average and 5% UE packet throughput are observed. 
Based on these observations, we propose that,
Proposal 2: DMRS based MU-CQI measurement and report should be supported as one of the NR CSI measurement scheme.

2.2. Details on CSI measurement schemes
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Figure 3 An example of CSI measurement resource configuration with DMRS and ZP CSI-RS.
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Figure 4 An example of CSI measurement resource configuration with ZP and NZP CSI-RS.
We will introduce some schemes to implement our proposed unified framework for CSI measurement. Figure 3 and 4 show two example configurations of CSI resource based on our proposal. A unified framework can be designed to enable the measurement based on DMRS ports. One possible approach is to support the configuration of DMRS ports into the CSI resource for the measurement, therefore DMRS based IM can be conducted as example on CSI resource shown in Figure 3. Another possible approach is to allow the resource overlapping between DMRS and CSI-RS, then the DMRS ports can be redefined as CSI-RS ports which can be configured into the CSI resources. By this way, a general CSI-RS based measurement procedure can support DMRS based measurement as well. Like the example shown in Figure 4, several independent CSI-RS ports can be configured into the CSI resource for the measurement, and these CSI-RS ports can also be the ones which are overlapped with DMRS ports, then the measurement is actually based on DMRS. Both schemes can unify the current existing CSI measurement schemes for MU-CQI. Therefore, we propose that,
Proposal 3: NR specify a unified CSI measurement framework by considering following alternatives,
· Alt. 1: Support the configuration of DMRS ports for CSI measurements.
· Alt. 2: Support defining CSI-RS ports that are overlapped with DMRS ports, which means that both CSI-RS and DMRS shares a common RE resource pool.

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 measurement. As the example shown in Figure 4, 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. As the example shown in Figure 3, 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: Specify the dynamic indication of ZP and NZP ports for MU-CQI measurements.
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 limited 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 specifies the fast feedback of MU-CQI.

Proposal 6: Enhanced HARQ with MU-CQI feedback should be specified when MU-CQI is measured on DMRS ports.
3. Conclusion
We discuss the interference measurement issues for NR in this contribution. Based on the discussions and corresponding performance evaluation, we have the following observation and proposals,

Observation 1: Commonalities are observed on the proposed interference measurement schemes, including the similar signals transmitted on the ports, necessary signalling for indication, and RS ports usage.

Observation 2: MU-CQI measured on DMRS ports is robust against the variation of the UE scheduling, which can be used to predict the link quality of following PDSCH transmission.

Observation 3: With MU-CQI prediction on all subbands, MU-CQI measured on DMRS ports can be extended to predict the link quality on those TTIs and subbands without recent PDSCH transmissions.
Observation 4: DMRS based interference measurement provides significant gain on packet throughput for reciprocity based DL transmissions with considered non-ideal factors of reciprocity based CSI acquisition after considering realistic channel estimation models.

· It is beneficial for edge UE with significant performance gain on 5% UE packet throughput.
· It is beneficial when traffic load is high and high-order MU-MIMO DL transmission is used, where significant performance gains on both cell average and 5% UE packet throughput are observed. 
Proposal 1: Specify a unified CSI measurement framework for downlink MU-MIMO transmissions, with which the measurement schemes based on CSI-RS and DMRS are supported.

Proposal 2: DMRS based MU-CQI measurement and report should be supported as one of the NR CSI measurement scheme.

Proposal 3: NR specify a unified CSI measurement framework by considering following alternatives,

· Alt. 1: Support the configuration of DMRS ports for CSI measurements.

· Alt. 2: Support defining CSI-RS ports that are overlapped with DMRS ports, which means that both CSI-RS and DMRS shares a common RE resource pool.

Proposal 4: Specify the dynamic indication of ZP and NZP ports for MU-CQI measurements.
Proposal 5: NR specifies the fast feedback of MU-CQI.

Proposal 6: Enhanced HARQ with MU-CQI feedback should be specified when MU-CQI is measured on DMRS ports.
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Appendix A: Evaluation Assumptions and Results on DMRS Based Interference Measurement
Table A: 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: 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

	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 w/ Ideal/Wishart Model on Channel Estimation

	CSI acquisition
	CDI: Based on channel reciprocity with 5 ms sounding period and 1 ms sounding latency. The MSE of SRS channel estimation is -20 dB. The parameter of antenna mis-calibration is (0.5 dB, 5 degree) for log-normal distributed amplitude error and uniformly distributed phase error.
CQI/RI: UE feedback, feedback period 5ms, latency 5ms
· Baseline: CQI is based on CSI-RS which port number is equal to AE number (one-to-one mapping).

· CQI is measured on DMRS ports when it is available with fast feedback. If DMRS based measurement is unavailable (no DL data transmissions), baseline scheme is used. 

	Scheduler
	Multi-user PF scheduler

	MU dimension
	16


Table B: Simulation results on MU-CQI measurement and report with ideal channel estimation in the receiver.
	
	High RU
	Medium RU
	Low RU

	
	Baseline
	Proposed
	Baseline
	Proposed
	Baseline
	Proposed

	RU [%]
	82%
	76%
	47%
	46%
	30%
	29%

	Average PTH [Mbps]
	24.9
	30.8
(+24%)
	44.7
	45.3
(+1.3%)
	54.7
	55.3
(+1.1%)

	5% UE PTH [Mbps]
	5.7
	8.5
(+49%)
	14.1
	16.4
(+16%)
	18.9
	21.5
(+14%)


Table C: Simulation results on MU-CQI measurement and report with Wishart model in the receiver.
	
	High RU

	
	Baseline
	Proposed (Ideal)
	Proposed (Wishart)

	RU [%]
	82%
	76%
	78%

	Average PTH [Mbps]
	24.9
	30.8
(+24%)
	30.6
(+23%)

	5% UE PTH [Mbps]
	5.7
	8.5
(+49%)
	8.5
(+49%)
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