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Introduction
In RAN1#88b, the following agreements were made:
[bookmark: _GoBack]Agreements:
· For interference measurement, down selection from options will be conducted.
· NZP CSI-RS based
· Opt. A1: Estimation on NZP CSI-RS for channel estimation (by subtracting CSI-RS from Rx signal)
· Opt. A2: Emulation on NZP CSI-RS which is represented by multiplied value of channel and precoding matrix
· DM-RS based
· Opt. B1: Estimation on DM-RS for own data demodulation (by subtracting DM-RS from Rx signal)
· Opt. B2: Estimation on DM-RS for other UEs
· Criteria for design and down selection are as follows.
· Required RS densities
· UE processing latency
· Support of self-contained CSI reporting (if supported) at least depends on the location of IMR.
· FFS: Whether the emulation is performed at TRP side or UE side
· FFS: RAN1 specification impact, if any, on the options above
Agreements:
· Aperiodic IMR is triggered by DCI.
· Herein the IMR refers to ZP CSI-RS based IMR. Other types of IMR are FFS
· FFS: use of MAC CE to reduce the set of candidate IMRs among the resources configured in RRC.   
· FFS whether or not to jointly trigger aperiodic NZP CSI-RS and/or aperiodic ZP CSI-RS 
· FFS: semi-persistent IMR is activated/deactivated by MAC CE or DCI.


In this contribution, we discuss further on interference measurements and other CSI feedback related issues.
[bookmark: _Ref178064866]Discussion
Interference Measurement 
ZP CSI-RS based 
CSI-IM (or IMR) based on ZP CSI-RS is already agreed to be supported in NR.  ZP CSI-RS based CSI-IM is typically used for non-coherent interference measurement where the UE measures the interference power on the IMR.  Such interference power measurements based on ZP CSI-RS has been used in LTE for TM10 and is proven useful for inter-cell interference measurement. 
One challenge of interference measurement is to measure intra-cell interference resulting from co-scheduled users in MU-MIMO, in which the interference is not actually present at the time of measurement and thus some kind of assumption about the presence and the nature of the interference is needed. Generally, a UE does not know which other UEs are to be co-scheduled during the time of interference measurement.  Hence, multiple hypotheses of the interference are needed.  
One way is to configure multiple CSI-IMs for a UE, each for one MU-MIMO interference hypothesis. Unlike in the inter-cell interference measurement case where CSI-IM could be allocated periodically and shared by multiple UEs, the CSI-IMs here need to be UE specific as the MU-MIMO interference can be different for different UEs and can change dynamically. When large number of UEs are present in a cell, which is generally the case where MU-MIMO is beneficial, the CSI-IM overhead could be high and may not be scalable. 
However, with MU-MIMO prescheduling in which gNB may pre-group UEs as MU-MIMO candidates based on SU-MIMO CSI, MU interference measurement with ZP CSI-RS can be manageable and scalable.  One example is shown in Figure 1, in which three UEs have been selected as MU candidates and each UE is configured with an NZP CSI-RS for channel estimation  and a CSI-IM for interference estimation.  An MU signal consists of all three UEs sent over the CSI-IM. Each UE can estimate its own signal power based on the NZP CSI-RS and the combined MU and inter-cell interference can be estimated by subtracting the signal power from the interference power estimated from the CSI-IM. 
[bookmark: _Toc481773649]With prescheduling, MU interference can be estimated on a common ZP CSI-RS, which is scalable with large number of UEs.

UE1
UE2
UE3
NZP CSI-RS1
CSI-IM
NZP CSI-RS2
CSI-IM
CSI-IM
NZP CSI-RS3
For channel measurement
For interference  
measurement

[bookmark: _Ref481765087]Figure 1: MU interference measurement with ZP CSI-RS
NZP CSI-RS based 
Another approach for MU-MIMO interference measurement is to used NZP CSI-RS. Two options were discussed, i.e. Option A1 and Option A2.  In Option A1, multiple NZP CSI-RS, each associated with a scheduled UE in Mu-MIMO, are transmitted in the same CSI-RS resource, also referred to as colliding NZP CSI-RS.  A UE extracts its own NZP CSI-RS from the colliding NZP CSI-RS and estimate its downlink channel. For interference, the UE subtracts its estimated NZP CSI-RS from the total received signal in the CSI-RS resource and treats the resulting signal as the total received inter-cell and intra-cell interference.  The option assumes that the desired NZP CSI-RS can be accurately estimated.  Due to the colliding nature of the multiple NZP CSI-RS, it may not always be true. As pointed out in [1], high RE density per port per PRB is required for NZP CSI-RS in this option. In case that Option A1 is used in a multiple TRP scenario for inter-TRP interference measurement where each NZP CSI-RS is associated with one TRP, it is then very similar to the case of colliding CRS in LTE. It can provide biased interference estimate in systems with low loads.
[bookmark: _Toc481773650]Option A1 with colliding NZP CSI-RS based interference measurement requires higher RE density for NZP CSI-RS and can overestimate interference in systems with low loads. 
[bookmark: _Toc481765851][bookmark: _Toc481765905][bookmark: _Toc481773656]Option A1 with colliding NZP CSI-RS based interference measurement is not supported
In Option A2, each UE is configured with multiple NZP CSI-RS resources each corresponding to a co-scheduled UE participating in MU-MIMO.  This is likely done in an aperiodic manner when gNB already knows the UE candidates for MU-MIMO. There can be a few scenarios. In one scenario, a UE is indicated which NZP CSI-RS to use for channel measurement and the UE estimates the MU-MIMO interference on the rest of the NZP CSI-RS. Multiple interference estimates may be made, each based on a MU-MIMO hypothesis, i.e. which NZP CSI-RS resources are paired in MU-MIMO. The UE feeds back multiple CSIs each associated with an MU-MIMO hypothesis. Even for three configured NZP CSI-RS resources, there are four hypothesises. Both UE computational complexity and feedback overhead can large. It is not scalable for more UEs in MU-MIMO.  
[bookmark: _Toc481773651]CSI feedback based multiple hypothesises assumed at the UE can occur large feedback overhead and may not be scalable with the number of UEs paired for MU-MIMO
In the second scenario, a UE is indicated which NZP CSI-RS to use for channel measurement and the UE assumes all the rest of the configured NZP CSI-RS are for interference measurement.  In this case, there is only one hypothesis the UE needs to deal with. This assumes that gNB already knows the UE candidates for MU-MIMO based on regular CSI feedback.  For interference measurement based on each NZP CSI-RS, the UE can assume (a) isotropic interference, i.e. power averaging over all ports, or (b) with certain precoding on the PDSCH to the interfering UE. The precoding matrix can either be signaled by the eNB to the UE, which seems to be impractical due to the large overhead, or estimated by the UE, which aside from UE complexity, may not reflect the actual precoding matrix used by the eNB.  Therefore, interference estimation by assuming isotropic interference on NZP-CSI-RS seems to be more practical.  
[bookmark: _Toc481773652]NZP CSI-RS based interference measurement may be used to complement ZP CSI-RS based interference measurement. 
[bookmark: _Toc481773653]Interference estimation with a gNB indicated precoder for interfering NZP CSI-RS is not practical.  UE estimated precoder for interfering NZP CSI-RS may not match the actual precoder used.
In interference measurement with multiple NZP CSI-RS resources, inter-cell interference can be “double counted” as it appears in each of the NZP CSI-RS resource.  One way to resolve that issue to also configure a ZP CSI-RS to each UE, where the ZP CSI-RS is common to all UEs so only a single ZP CSI-RS resource is needed. Each UE estimate the inter-cell interference on the ZP CSI-RS and subtracts it from the interference estimation on each NZP CSI-RS.  An example is shown in Figure 2, where the UEs are identified as the candidates for MU_MIMO and each UE is configured with three NZP CSI-RS and one CSI-IM.  Each UE is indicated which NZP CSI-RS is for channel measurement and the remaining NZP CSI-RS are for interference measurement.  A common CSI-IM is configured for each UE to measure inter-cell interference, which can be subtracted from the interference measurement on each NZP CSI-RS to avoid multiple count of inter-cell interference. The total interference is obtained by adding the interference estimates on both NZP CSI-RS and the CSI-IM.  
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[bookmark: _Ref481763655]Figure 2: MU-MIMO interference measurement with NZP CSI-RS.
Based on the discussion and observation, we have the following proposal:
[bookmark: _Toc481764262][bookmark: _Toc481765673][bookmark: _Toc481765852][bookmark: _Toc481765906][bookmark: _Toc481773657]Support only Option A2 for interference estimation with eNB indicated NZP CSI for channel measurement and the remaining NZP CSI-RS for interference measurement. The Identity matrix is used as the precoder on the interfering NZP CSI-RS.
The codebook used for the CSI feedback is indicated to each UE by the eNB as part of the reporting setting.  The NZP CSI-RS for channel measurement is part of the CSI-RS resource setting and the NZP CSI-RS for interference measurement should be part of the resource setting for IMR.   The usage of NZP CSI-RS based interference measurement for MU-MIMO is dynamic in nature and thus the CSI-RS resources are aperiodic.
DMRS based
In DMRS based MU-MIMO interference measurements, interference can be either emulated on the unused DMRS ports during a PDSCH transmission or based on an actual MU-MIMO transmission.  The desired downlink channel is estimated on the DMRS ports for PDSCH demodulation. In either case, the interference estimation is limited to the scheduled PDSCH bandwidth. Since DMRS is precoded and the transmit power is shared by DMRS ports, in case of interference emulation adding additional DMRS ports for interference measurement means reduced power for the DMRS used for PDSCH demodulation, which could impact downlink system performance.  It is also unclear how the CSI feedback operates with DMRS based interference measurement, e.g. whether a CSI report request is also triggered in the same subframe/slot when there is a PDSCH transmission or the interference measurement is stored and averaged over time for future CSI calculation with a NZP CS-RS transmission. In the latter case,  it has to assume that the same precoding is used for the interfering UEs, which seems to be a strict requirement and may not be satisfied in general.
[bookmark: _Toc481765907][bookmark: _Toc481773658]Further study is needed for DMRS based interference measurement.
Aperiodic IMR
Aperiodic IMR based on ZP CSI-RS was agreed in RAN1#88.  ZP CSI-RS based IMR in LTE was mainly for inter-cell interference measurement, so for UEs in a given cell, a common IMR can be used for the purpose. It is expected the same in NR.  For aperiodic IMR, the main use case is to enable dynamic interference estimation and CSI feedback in any subframe/slot.  It is likely that an aperiodic IMR is always triggered together with a NZP CSI-RS transmission and CSI report request. Unline aperiodic NZP CSI-RS, which can be beamformed and is UE specific,aperiodic IMR can be shared by multiple UEs in most cases and a large number of aperiodic IMRs are not needed.  Therefore, we don’t see a need for MAC CE based activation/deactivation for aperiodic IMR.

[bookmark: _Toc481773654]There is no need for large number of aperiodic IMRs and thus for a MAC CE based activation/deactivation of aperiodic IMRs.
On UE selected subband reporting
In LTE, UE selected subband CSI reporting is supported for both periodic reporting on PUCCH and aperiodic reporting on PUSCH. In UE selected subband reporting, the system bandwidth is divided into a number of subband parts each contains a number of subbands, a UE picks the best subband in each bandwidth part and reports back to eNB the subband index in each bandwidth part and the corresponding CQI together with a wideband RI and PMI.  This reporting mode save some feedback overhead, but it does not provide the “whole picture” of the channel state over the full bandwidth and it restricts the eNB to schedule on only the UE selected subbands. The feature still has had an FGI bit in LTE since Rel-8, which is indicative of the hesitance to implement this feature.  Given that “higher layer configured” subband CQI reporting provides both wideband and all subband channel information, it is hard to see the usefulness of “UE selected subband CQI” in NR. Since it is desirable to have a smaller number of reporting modes in NR compared to LTE, this seems to be one mode that can be excluded.
[bookmark: _Toc481773655]“UE selected subband CQI” reporting mode in LTE is less effective for NR given the much wider bandwidth.
[bookmark: _Toc481764263][bookmark: _Toc481765674][bookmark: _Toc481765853][bookmark: _Toc481765908][bookmark: _Toc481773659]Consider not to support “UE selected subband CQI” reporting mode in NR.
Conclusions
In this contribution we made the following observations:
Observation 1	With prescheduling, MU interference can be estimated on a common ZP CSI-RS, which is scalable with large number of UEs.
Observation 2	Option A1 with colliding NZP CSI-RS based interference measurement requires higher RE density for NZP CSI-RS and can overestimate interference in systems with low loads.
Observation 3	CSI feedback based multiple hypothesises assumed at the UE can occur large feedback overhead and may not be scalable for more than three UEs paired for MU-MIMO
Observation 4	NZP CSI-RS based interference measurement may be used to complement ZP CSI-RS based interference measurement.
Observation 5	Interference estimation with a gNB indicated precoder for interfering NZP CSI-RS is not practical.  UE estimated precoder for interfering NZP CSI-RS may not match the actual precoder used.
Observation 6	There is no need for large number of aperiodic IMRs and thus for a MAC CE based activation/deactivation of aperiodic IMRs.
Observation 7	“UE selected subband CQI” reporting mode in LTE is less effective for NR given the much wider bandwidth.

Based on the discussion in this contribution we propose the following:
Proposal 1	Option A1 with colliding NZP CSI-RS based interference measurement is not supported
Proposal 2	Support only Option A2 for interference estimation with eNB indicated NZP CSI for channel measurement and the remaining NZP CSI-RS for interference measurement. The Identity matrix is used as the precoder on the interfering NZP CSI-RS.
Proposal 3	Further study is needed for DMRS based interference measurement.
Proposal 4	Consider not to support “UE selected subband CQI” reporting mode in NR.
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