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1. Introduction
This contribution is revised from R1-1716292.
In the RAN1 NR AH #3 meeting [1], the following agreements on interference measurement were achieved:
Agreement:
UE can be configured with a set of NZP CSI-RS ports for interference measurement
· Downselect in next meeting for the following schemes:
· Alt.1, a single CSI-RS resource for both channel and interference measurement
· Alt.2, separately configured CSI-RS resources for channel and interference measurement 
· UE shall assume each port in the set corresponds to an interference layer  
· Note: It is up to gNB implementation to choose the precoder to apply on the NZP CSI-RS for IM

Agreement:
· Confirm the working assumption: NR supports semi-persistent IMR based on ZP CSI-RS for interference measurement for CSI feedback

Contents of R1-1716902 have been agreed

In this contribution, we share our view on the remaining issues for interference measurement for CSI.
2. Interference Measurement
2.1 ZP CSI-RS
It has been agreed that the aperiodic IMR based on ZP CSI-RS is triggered by DCI. One way to send trigger over DCI is that it could be combined together with the uplink grant which is used for CSI reporting.
In the previous meeting, it has been agreed that for aperiodic ZP CSI-RS based IMR, IMR exists at least in the same slot with the DCI triggering the IMR. And it is FFS for the case IMR existing in different slot with the DCI triggering the IMR. Considering the control information processing delay and UE capability, flexibility should be provided regarding the aperiodic IMR configuration, i.e. the IMR could be in the same slot or different slot with the DCI. And regarding the CSI-IM resource within one slot, it should be configurable to indicate which resources should be applied to the UE for interference measurement.
Proposal 1: For ZP CSI-RS based IMR, it should supported that the IMR exists in different slot with the DCI triggering the IMR.
2.2 NZP CSI-RS
In the RAN1 NR AH #3 meeting, it has been agreed that the UE can be configured with a set of NZP CSI-RS ports for interference measurement. And two alternatives could be considered for NZP CSI-RS based interference measurement: Alt 1 is a single CSI-RS resource for both channel and interference measurement, and Alt 2 is separately configured CSI-RS resources for channel and interference measurement.
With Alt 1, the transmitted UE-specific NZP CSI-RS is used for both channel and interference measurements. That is, the UE performs channel estimation and then subtracts the estimation of received desired signal from the whole received signal to accomplish the intra-cell and inter-cell interference measurement. In general, since the UE desired signal should be estimated accurately it requires higher density of NZP CSI-RS as described in link-level evaluation in the next section. Alt 1 could be useful for dynamic TDD scenario. In our companion contribution [2], it is analysed that colliding RS is simpler operation for cross link interference measurement since only the desired RS needs to be detected.
With Alt 2, the NZP CSI-RS resource for channel and interference measurement is separately configured. For example, for MU-MIMO operation with three UEs, the gNB will configure three NZP CSI-RS resources. And for each UE, the gNB should indicate which NZP CSI-RS is used for channel measurement and interference measurement. With this solution, the UE could get more interference information from different combination of interfering UEs.
However, with Alt 2, as the resource for channel and interference measurement is separate, thus the gNB should configure much more NZP CSI-RS resource especially with the increasing number of UEs performing MU-MIMO operation. And with Alt 1, it can also capture the inter-cell interference status.
Hence, it’s better to support both Alt 1 and Alt 2 for interference measurement in NR.
Proposal 2: For NZP CSI-RS based interference measurement, NR should support both Alt 1 and Alt 2.
2.2 UE Rx beam for interference measurement
Depending on the Rx beam at the UE, the interference characteristics experienced by UE receiver could be different. Therefore, CSI report should accurately reflect the interference changes due to assignment of different Rx beams. In order to get more accurate measurement result for CSI in multi-beam operation, it is necessary to indicate which Rx beam the UE should use for interference measurement.
Hence it is proposed to allow UE Rx beam indication for interference measurement. The UE Rx beam indication could be together with IMR configuration. Since SS block and CSI-RS could be used for beam management, the UE Rx beam indication for interference measurement could be QCLed with CSI-RS or SS block.
Proposal 3: For interference measurement, the UE should be indicated which Rx beam to be used.
2.3 Performance Evaluation
The link-level evaluation results in Figures 1 and 2 provide the following open issues of discussion: the required density of NZP CSI-RS used for interference measurements; the comparison of NZP CSI-RS based interference measurement with LTE TM10, which is CSI-IM and ZP CSI-RS based interference measurement; the impact of frequency-domain granularity and density of ZP CSI-RS.
The required density of NZP CSI-RS used for interference measurements is one of the open issues. More specifically, Alt 1 described in Section 2.2 in general case would require higher CSI-RS density comparing to other interference measurement approaches. To evaluate the PDSCH spectral efficiency performance for a variety of CSI-RS densities, a link level simulation were carried out and results are presented in Figure 1. The spectral efficiency curves were obtained for NR with link adaptation. MCS was selected based on the CQI calculated using channel and interference measurements obtained on NZP CSI-RS. The CSI-RS density in the legend is defined per port, per PRB. The feedback mode 3-1 through the PUSCH is adopted in the evaluation. The other simulation assumptions are described in Appendix A.
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Figure 1: Spectral efficiency in PDSCH with link adaptation for a variety of NZP CSI-RS density and LTE TM10 (CSI-IM and ZP CSI-RS)
It can be seen from Figure 1, that CSI-RS density of 6-12 REs/PRB provides reasonable performance of PDSCH. We notice that LTE TM10 that supports CSI-IM with ZP CSI-RS exhibits satisfactory spectral efficiency at low SINR regime such as below 6 dB; whereas it shows significant degradation in spectral efficiency in high SINR regime. The observations from Figure 1 are as following.
Observation 1:
· NZP CSI-RS density of 12 REs/PRB achieves satisfactory spectral efficiency with tolerable performance degradation in comparison to perfect SINR estimation.
· NZP CSI-RS density of 6 REs/PRB exhibits tolerable performance degradation in spectrum efficiency, in particular, in high and medium SINR regimes; it shows considerable performance degradation in the low SINR regime, in comparison to the CSI-RS density of 12 REs/PRB.
· NZP CSI-RS density of 8 REs/PRB shows negligible performance degradation in spectrum efficiency in the whole SINR region, in comparison to the CSI-RS density of 12 REs/PRB.
Observation 2: LTE TM 10 that supports 4 REs/PRB of CSI-IM with the ZP CSI-RS exhibits satisfactory spectral efficiency in the overall SINR regime, even comparing to the scenario of 12 REs/PRB NZP CSI-RS.
The RS density per PRB and frequency/time-domain granularity can compensate for each other in terms of total number of measurement samples. However, the adjustment between those two components requires careful consideration of the channel characteristics. For instance, in the scenario of the channel that has as narrow coherent bandwidth as unit PRB; and limited number of RS REs (i.e., fixed RS density per overall PRBs), it is desirable to increase RE density per PRB; whereas to increase the frequency-domain granularity. In contrast, in the scenario that the channel has a wide coherent bandwidth, it can be preferred to decrease RS density per PRB and to decrease the frequency-domain granularity such that the RS REs can be fairly distributed all over the PRBs.
Regarding this issue, Figure 2 provides spectral efficiency curves for a variety of frequency-domain granularity with ZP CSI-RS densities, 2 REs or 4 REs per PRB. Simulation parameters are also described in Appendix A. Based on those link-level evaluation results in Figure 2, we reach the following observations.
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Figure 2: Spectral efficiency with link adaptation for a variety of frequency granularity and ZP CSI-RS density
Observation 3:
· The frequency-domain granularity of ZP CSI-RS significantly affects the performance of the spectrum efficiency.
· The ZP CSI-RS density of 2 REs per PRB shows the same performance of spectral efficiency as 4 REs per PRB.
· ZP CSI-RS allocated every two PRBs exhibits tolerable degradation of spectrum efficiency in high SNR regime such as above 9 dB in case of the ETU channel.
· In high SNR regime, frequency-domain granularity equal to or greater than 2 PRBs (i.e., ZP CSI-RS allocated to every two PRBs), can improve the performance of spectral efficiency as shown above, e.g., in the SNR region above 12 dB in case of the frequency-domain granularity of 2 PRBs. The gain is due to more REs assigned to PDSCH.
It is also beneficial to compare the spectral efficiency with link adaptation based on FFT-based (time-domain) CQI estimation to that of MMSE-based CQI estimation in Figure 1. The reason is the former might provide less number of CSI-RS REs to meet the same performance in Figure 1. The aforementioned comparison is illustrated in Figure 3. The simulation assumptions are the same as in Figure 1. The observations from this comparison are as following.
Observation 4:
· FFT-based CQI estimation underperforms MMSE-based CQI estimation in terms of the spectral efficiency in overall SINR region.
· FFT-based CQI estimation outperforms MMSE-based CQI estimation in terms of the spectral efficiency in high SINR region above 18 dB only in the case of 2 or 4 REs of CSI-RS per PRB.
· The gain in spectral efficiency resulted from the increase of CSI-RS REs per PRB is strictly marginal in case of FFT-based CQI estimation.
[image: ]
Figure 3: Comparison of spectral efficiency: FFT-based and MMSE-based CQI estimation and reporting
3. Conclusion
In this contribution, we have discussed the IMR design in NR and CSI acquisition details. The proposals along with observations are listed as below:
Observation 1:
In NZP CSI-RS based one-shot interference measurement,
· NZP CSI-RS density of 12 REs/PRB achieves satisfactory spectral efficiency with tolerable performance degradation in comparison to perfect SINR estimation;
· NZP CSI-RS density of 6 REs/PRB exhibits tolerable performance degradation in spectrum efficiency, in particular, in high and medium SINR regimes; it shows considerable performance degradation in the low SINR regime, in comparison to the CSI-RS density of 12 REs/PRB;
· NZP CSI-RS density of 8 REs/PRB shows negligible performance degradation in spectrum efficiency in the whole SINR region, in comparison to the CSI-RS density of 12 REs/PRB.
Observation 2: LTE TM 10 that supports 4 REs/PRB of CSI-IM with the ZP CSI-RS exhibits satisfactory spectral efficiency in the overall SINR regime, even comparing to the scenario of 12 REs/PRB NZP CSI-RS.
Observation 3:
· The frequency-domain granularity of ZP CSI-RS significantly affects the performance of the spectrum efficiency.
· The ZP CSI-RS density of 2 REs per PRB shows the same performance of spectral efficiency as 4 REs per PRB.
· ZP CSI-RS allocated every two PRBs exhibits tolerable degradation of spectrum efficiency in high SNR regime such as above 9 dB in case of the ETU channel.
· In high SNR regime, frequency-domain granularity equal to or greater than 2 PRBs (i.e., ZP CSI-RS allocated to every two PRBs), can improve the performance of spectral efficiency as shown above, e.g., in the SNR region above 12 dB in case of the frequency-domain granularity of 2 PRBs. The gain is due to more REs assigned to PDSCH.
Observation 4:
· FFT-based CQI estimation underperforms MMSE-based CQI estimation in terms of the spectral efficiency in overall SINR region.
· FFT-based CQI estimation outperforms MMSE-based CQI estimation in terms of the spectral efficiency in high SINR region above 18 dB only in the case of 2 or 4 REs of CSI-RS per PRB.
· The gain in spectral efficiency resulted from the increase of CSI-RS REs per PRB is strictly marginal in case of FFT-based CQI estimation
Proposal 1: For ZP CSI-RS based IMR, it should supported that the IMR exists in different slot with the DCI triggering the IMR.
Proposal 2: For NZP CSI-RS based interference measurement, NR should support both Alt 1 and Alt 2.
Proposal 3: For interference measurement, the UE should be indicated which Rx beam to be used.
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Appendix A
Simulation Assumptions for Interference Measurement
	Configuration
	Comments

	Scenario
	Throughput with link adaptation; CQI reporting based on NZP CSI-RS or ZP CSI-RS (TM10)

	Transmission mode
	DM-RS based

	MIMO configuration
	2x2 MIMO, rank-1 transmission (AP 7)

	Codewords
	1 codeword

	PRBs
	8/subframe

	Max. TBS_L1
	5160 (for each and every subframe)

	Achievable throughput
	5.16 Mbps (8 PRBs per subframe)

	Frame structure
	Type-1 (FDD)

	Feedback mode
	3-1 (WB/SB-CQI, best-M SB, WB-PMI through PUSCH)

	PRB bundling
	4-PRB bundling only for channel estimation in one-shot CQI measurement

	Number of PDCCH symbols
	1

	CSI-RS configuration
	1 (APs 15 - 16)

	CSI-RS density
	NZP CSI-RS: 12 REs, 8 REs, 6REs, 4REs, 2 REs (LTE) for each port in a PRB (length-2 OCC)
ZP CSI-RS: the same as LTE TM10 (4 REs for CSI-IM) or 2 REs in a PRB

	CSI-RS granularity
	Frequency-domain granularities of N = 1, 2, 4, 10 (in case of ZP CSI-RS)

	CSI-RS subframe configuration
	0 (5 ms periodicity, first and sixth subframes in each radio frame)

	CSI-IM Configuration
	3

	CSI-IM and ZP CSI-RS subframe configuration
	0 (the same as CSI-RS)

	Channel
	ETU-5Hz, EPA-5Hz



image1.emf
SINR [dB]

-6 -3 0 3 6 9 12 15 18 21 24

S

p

e

c

t

r

a

l

 

e

f

f

i

c

i

e

n

c

y

 

[

b

p

s

/

H

z

]

0

0.5

1

1.5

2

2.5

3

3.5

Spectral efficiency: PDSCH with link adaptation

Perfect interference estimation

LTE TM10: ZP CSI-RS, 4REs / PRB

NZP CSI-RS density: 12 REs / PRB

NZP CSI-RS density: 8 REs / PRB

NZP CSI-RS density: 6 REs / PRB

NZP CSI-RS density: 4 REs / PRB

NZP CSI-RS density: 2 REs / PRB
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Spectral efficiency: PDSCH with link adaptation

Perfect interference estimation

LTE TM10; ZP CSI-RS: 4REs/PRB, every PRB

ZP CSI-RS density: 2REs/PRB, every PRB

ZP CSI-RS density: 4REs/PRB, every 2 PRBs

ZP CSI-RS density: 2REs/PRB, every 2 PRBs

ZP CSI-RS density: 4REs/PRB, every 4 PRBs

ZP CSI-RS density: 2REs/PRB, every 4 PRBs

ZP CSI-RS density: 2REs/PRB, every 10 PRBs
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Spectral efficiency: PDSCH with link adaptation

Perfect interference estimation in ETU

MMSE-based CQI: CSI-RS 12 REs/PRB in ETU

MMSE-based CQI: CSI-RS 12 REs/PRB in ETU

MMSE-based CQI: CSI-RS 2 REs/PRB in ETU

FFT-based CQI: CSI-RS 12 REs/PRB in ETU

FFT-based CQI: CSI-RS 2 REs/PRB in ETU

FFT-based CQI: CSI-RS 12 REs/PRB in EPA

FFT-based CQI: CSI-RS 2 REs/PRB in EPA


