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1. Introduction
In the RAN1 #89 meeting [1], the following agreement was achieved:
Working assumption:
· Support at least NZP CSI-RS based interference measurement 
· select at least one of following scheme
· Scheme-1: Estimation on NZP CSI-RS for channel estimation (by subtracting NZP CSI-RS from Rx signal)
· Scheme-2: Emulation on NZP CSI-RS which is represented by multiplied value of channel and precoding matrix
· Aim to conclude whether to support one of them or both in the next RAN1 meeting
· FFS whether or not to support signaling of power boosting for NZP CSI-RS
· Other schemes are not precluded
· FFS whether or not support DM-RS based interference measurement, aim to decide in the next RAN1 meeting
· Companies are strongly encouraged to carry out analysis of the resulting overhead comparing NZP CSI-RS and DM-RS based approaches (e.g., as in contribution R1-1709452)
Agreements:
· Support following features for NR CSI acquisition
· FFS Frequency domain subset restriction
· FFS on number of configurable subsets
· FFS on detailed signaling/configuration
· FFS measurement restriction of interference measurement
· FFS on measurement restriction of channel measurement 
· For time domain, measurement restriction of channel and interference measurement
· CSI reporting via short duration PUCCH
· FFS on detailed setting in CSI reporting setting
· CSI reporting via long duration PUCCH
· FFS on detailed setting in CSI reporting setting
· PUCCH reporting which is contained in a single slot
· FFS on PUCCH reporting which is contained in multiple slots

In this contribution, we share our view on details for interference measurement for CSI.
2. Interference Measurement
2.1 Interference Measurement Restriction
LTE supports channel and interference measurement restriction in the time domain, where the UE estimates the interference based on one-shot measurement. The gNB fulfills downlink scheduling to efficiently support multiple UEs including MU-MIMO in a TDD manner; so channel and interference measurement restriction is inevitable. On the other hand, LTE does not take into account a variety of use cases and the associated multiple services in the frequency domain; therefore channel and interference measurement restriction in the frequency domain has not been strongly required.
In contrast to LTE, multiple use cases with different numerology should be supported in a FDD manner in NR, e.g., eMBB, URLLC and mMTC. Consequently, different use cases occupy different parts of the whole frequency band, and different numerologies can be applied to the corresponding difference service bands. Thus, it is beneficial for NR to adopt interference measurement restriction in the frequency domain. That is, interference measurement restriction in the frequency domain enables each UE to measure the interference in a specific parts of the wideband, which is assigned to the UE. For example, when an eMBB UE is configured with IMR, it can measure the interference only within the part of the whole frequency band allocated to the corresponding eMBB traffic. In this way, the UE can provide more accurate interference measurement focusing on the assigned frequency band and the associated service characteristics.
Proposal 1: Interference measurement restriction in the frequency domain should be supported in NR.
In the RAN1 #87 meeting, agreements have been achieved that different frequency granularities should be considered for CSI reporting, including:
· Wideband CSI
· Wideband size is determined by UE RF capability of receiving DL signal.
· Partial band CSI
· Alt1. UE-specifically configurable bandwidth 
· Alt2. The size is determined by the composition of numerologies or scheduling time units within the UE-specific wideband.
· Subband CSI
· The band size is determined by dividing wideband or partial band to multiple bands.
Since each UE should focuses on the assigned frequency band for the appropriate interference measurement, it is obvious that interference measurement restriction should be supported in the similar fashion with that of CSI reporting. We take into account interference measurement restriction focusing on wideband and partial band as following.
· Wideband IMR
· The UE-specific wideband size is determined by the UE RF capability
· Partial band IMR
· The size of the partial band is smaller than that of the wideband, and is configurable by the network
Proposal 2: The interference measurement restriction should indicate whether it is applied for wideband/partial band.
The resource settings should be aligned with the interference measurement restriction, and a possible scenario of resource setting is to assign CSI-IM or CSI-RS every N PRBs, where N is configurable. We notice that beamforming causes the effect of channel flattening; therefore, the frequency domain sampling can be used to reduce the overhead.
Proposal 3: The CSI-IM or CSI-RS for interference measurement can be assigned every N PRBs, where N is configurable.
2.2 RS for interference measurement
2.2.1 ZP CSI-RS
As agreed in the RAN1 #88 meeting, ZP CSI-RS based interference measurement is supported in NR. The inter-cell interference measurement can be easily performed by zero-power transmission (no transmission) on the REs allocated for the interference measurement.
For MU-MIMO, it should be noted that periodic IMR transmission for intra-cell interference measurement may be inefficient. For example, due to dynamic scheduling decision for MU-MIMO, the intra-cell interference realization for CSI could be dynamic. For the UE which is measuring interference based on the ZP CSI-RS REs, some other UEs without data transmission at the instance of interference measurement might transmit data at the instance of scheduled transmission. It leads to the interference which is not reflected on the result of interference measurement. In this case, the interference measurement based on the semi-statically configured periodic ZP CSI-RS may not be helpful enough to accurately estimate intra-cell interference caused by other UEs. Thus, the corresponding CSI reporting may not be able to reflect the real channel condition, which degrades the performance of link adaptation.
The issue can be solved by considering larger number UE-specific IMR configurations. In addition, to reduce the collision of the IMR resource between the UEs, aperiodic CSI-IM should be considered. For example, Figure 1 shows the possible arrangement of IMR resources for different UEs in a given slot. It is assumed that the serving TRP by using dynamic resource indication mechanism can avoid the collisions of UE-specific ZP CSI-RS based IMRs as much as possible to provide more accurate interference measurements. In this case it is feasible to estimate the intra-cell interference using the ZP CSI-RS based IMR framework. 


Figure 1. UE-specific configuration of IMR for intra-cell interference measurements 
Observation 1: ZP CSI-RS can be used for intra-cell interference measurements, but large number of IMR resources and dynamic IMR resource indication should be considered for NR.
CSI-IM configuration for ZP CSI-RS
In LTE, the periodic CSI-IM is configured for interference measurement using ZP CSI-RS. And the configuration is done through RRC layer signalling. In NR, similar way can be utilized for the periodic CSI-IM configuration based on ZP CSI-RS.
For aperiodic IMR based on ZP CSI-RS, the details should be further studied.
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.
After triggering the position of CSI-IM could be in the same slot or in the next slots. Some flexibility should be provided considering the control information processing delay and UE capability. 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 4: For ZP CSI-RS based IMR, the periodic CSI-IM configuration in LTE should be a reference for NR. RAN1 to further study the details of aperiodic CSI-IM configuration for ZP CSI-RS.
2.2.2 NZP CSI-RS
As agreed in the previous RAN1 meeting, NZP CSI-RS could be utilized for interference measurement. The NZP CSI-RS could be used in the scenario of MU-MIMO where the TRP can estimate the interference from the co-scheduled UEs on the corresponding NZP CSI-RS. That is, the TRP can get interference caused by the combination of any paired UEs with beam-formed CSI-RS transmission. As been discussed, there could be two options to enable NZP CSI-RS based interference measurement: colliding NZP CSI-RS and interference emulation.
Scheme 1: Colliding NZP CSI-RS
The UE acquires the CSI from the serving TRP based on the one-shot CSI-RS transmission. It is assumed that NZP CSI-RS of all scheduled UE are colliding with each other. 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. When multiple antenna ports are configured for interference measurement, increasing the density may lead to more overhead. Thus one issue would be how to reduce the overhead. One possible way might be that the density is increased just for one antenna port and should be further studied.
The colliding NZP CSI-RS solution 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.
Scheme 2: Interference emulation
In order to keep CSI-RS density low, the other solution for intra-cell interference measurements using NZP CSI-RS is based on channel estimation of the NZP CSI-RS of other UE and interference emulation. In this approach the UE can use the NZP CSI-RS transmitted to other UEs to estimate the channel, denoted as . Then the UE can obtain the intra-cell interference from given UE as , where  is the transpose conjugate operation. With this approach, it is possible to construct at the UE different possible combinations of the intra-cell interference by combining different . In principle, the approach doesn’t require high density of NZP CSI-RS.
The TRP could provide the UE with the configuration of paired UEs whose interference should be measured at and reported from the desired UE. The UE can report as many CQI combinations as possible. Compared with Scheme-1, the TRP can obtain much more MU-MIMO CQI information with this approach. However, how to inform the UE of paired UEs’ CSI-RS configuration should be a further studied item for Scheme-2.
Interference measurement using downlink beam management RS
For downlink beam management (P-1/P-2/P-3), it has been agreed that it could be based on UE-specifically configured CSI-RS. For P-1, it is periodically transmitted and for P-2/P-3 it is aperiodic. Obviously the CSI-RS for beam management is non-zero power CSI-RS. So it might be reused for interference purpose to save some overhead.
For P-1, all the network beams will be sent using CSI-RS. For intra-cell interference measurement, the TRP could further indicate to the UE which beams (CSI-RSs) should be measured for interference. The UE can then measure each beam using the corresponding CSI-RS. The UE can feedback the total interference to the TRP. Alternatively the UE can feedback the interference measured on each beam and the TRP can obtain the interference information for any combinations of the beams.
Since P-1 is periodic, there is limitation on the periodicity for interference measurement. If additional interference information is required, the TRP could trigger the measurement utilizing a similar way as P-2 procedure. The TRP could inform the UE which beams will be sent in the resource setting and the UE then performs corresponding measurements.
Proposal 5: For NZP CSI-RS based interference measurement, NR should support both schemes, i.e. colliding NZP CSI-RS and interference emulation in the scenario of MU-MIMO. RAN1 to further study how to reduce the overhead for interference emulation.
2.3 Performance Evaluation
The link-level evaluation results in Figures 2 and 3 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, Scheme-1 described in Section 2.2.2 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 2. 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.
[image: ]
Figure 2: 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 2, 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 2:
· 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 3: 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 3 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 3, we reach the following observations.
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Figure 3: Spectral efficiency with link adaptation for a variety of frequency granularity and ZP CSI-RS density
Observation 4:
· 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 2. The reason is the former might provide less number of CSI-RS REs to meet the same performance in Figure 2. The aforementioned comparison is illustrated in Figure 4. The simulation assumptions are the same as in Figure 2. The observations from this comparison are as following.
Observation 5:
· 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.
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Figure 4: 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: ZP CSI-RS can be used for intra-cell interference measurements, but large number of IMR resources and dynamic IMR resource indication should be considered for NR.
Observation 2:
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 3: 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 4:
· 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 5:
· 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
Observation 6: Beam broadening function provides noticeable gains over DFT precoding for open-loop transmission scheme with precoding cycling.
Proposal 1: Interference measurement restriction in frequency domain should be supported in NR.
Proposal 2: The interference measurement restriction should indicate whether it is applied for wide band/partial band.
Proposal 3: The CSI-IM or CSI-RS for interference measurement can be assigned every N PRBs, where N is configurable.
Proposal 4: For ZP CSI-RS based IMR, the periodic CSI-IM configuration in LTE should be a reference for NR. RAN1 to further study the details of aperiodic CSI-IM configuration for ZP CSI-RS.
Proposal 5: For NZP CSI-RS based interference measurement, NR should support both schemes, i.e. colliding NZP CSI-RS and interference emulation in the scenario of MU-MIMO. RAN1 to further study how to reduce the overhead for interference emulation.
Proposal 6:
· NR should support beam broadening function to improve the performance in high mobility scenarios. 
· Three options for beam broadening can be considered:
· Beam broadening  function in the codebook
· Precoding of CSI-RS using beam broadening function
· Periodic CSI reporting using subset of CSI-RS antenna port  
Proposal 7:
· For CSI reporting which is contained in a single slot, 
Page 1
· NR supports separate encoding of {RI} and {PMI, CQI} for UCI transmission using both PUSCH and PUCCH.
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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
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Spectral efficiency: PDSCH with link adaptation

Perfect interference estimation

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

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


