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Introduction
In RAN1#88, the following agreement was reached on interference measurement based on ZP CSI-RS:
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

In RAN1#88bis, the following agreement was reached on ZP CSI-RS based aperiodic IMR:
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 RAN1#89, the following agreements were reached on interference measurement: 
In this contribution, we discuss further on interference measurements based on ZP CSI-RS, NZP CSI-RS and DMRS.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)

Interference Measurement (IM)
ZP CSI-RS based IM
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 measurement 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, some type of interference emulation is 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 or channel reciprocity, 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.  A composite MU signal consisting of precoded signals for all three UEs is sent over the CSI-IM, and adds to the inter-cell interference. Each UE can estimate its own signal based on the NZP CSI-RS.  The MU and inter-cell interference can be estimated by subtracting its own signal from the received in the CSI-IM.  In general, the received signals in the CSI-IM and NZP CSI-RS resources at UE#k can be expressed as 

MU interference
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Where  ,  and  are respectively the channel, the precoding matrix and the signal associated with UE#k,  is the receiver noise, and  is the inter-cell interference. The overall MU interference, inter-cell interference and noise can be estimated as 

Since a common CSI-IM is used, only the NZP CSI-RS resources increase with the number of UEs in a MU-MIMO transmission, which is scalable.
[bookmark: _Toc490244349]With prescheduling, MU interference can be estimated with a common ZP CSI-RS, which is scalable with large number of UEs.
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[bookmark: _Ref481765087]Figure 1: MU interference measurement with ZP CSI-RS
[bookmark: _Toc485388800][bookmark: _Toc485312888][bookmark: _Toc485407931][bookmark: _Toc485421606][bookmark: _Toc490065281][bookmark: _Toc490126025][bookmark: _Toc490244355][bookmark: _Toc490244650]Support MU-interference measurement by transmitting an MU composite signal in a common ZP CSI-RS resource and subtracting a UE’s own signal power from the received composite signal power.
NZP CSI-RS based IM
Scheme 1
For NZP CSI-RS based interference measurement, two schemes were proposed in RAN1#89.  In Scheme 1, 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 measurement, 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 scheme assumes that the desired NZP CSI-RS can be accurately estimated.  Due to the colliding nature of the multiple NZP CSI-RS, this 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 scheme. In case that Scheme 1 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. Scheme 1 in general will result in biased interference estimate in systems with low loads.
[bookmark: _Toc490244350]Scheme 1 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][bookmark: _Toc485312889][bookmark: _Toc485388801][bookmark: _Toc485407932][bookmark: _Toc485421607][bookmark: _Toc490065282][bookmark: _Toc490126026][bookmark: _Toc490244356][bookmark: _Toc490244651]Scheme 1 with colliding NZP CSI-RS based interference measurement is not supported.
Scheme 2
In Scheme 2, each UE is configured with multiple NZP CSI-RS resources each corresponding to a co-scheduled UE participating in MU-MIMO.  A typical use case is that gNB already knows the UE candidates for MU-MIMO, either based on regular CSI feedback or uplink channel measurements. So the precoder for each UE is known at the gNB but accurate MU CQI is needed for link adaptation. For that purpose, eNB sends multiple precoded NZP CSI-RS, each associated with a UE in the MU-MIMO group. Each of the UEs is configured with the same set of NZP CSI-RS and is indicated one of the NZP CSI-RS for channel measurement and the rest for interference measurement. This is likely done in an aperiodic manner. In this case, there is only one interference hypothesis and each UE estimates and reports one CSI. The signaling part would include signaling one NZP CSI-RS for channel measurement and one or multiple NZP CSI-RS as IMR for MU interference measurement. 
[bookmark: _Toc490244351]A typical use case of using multiple NZP CSI-RS for MU interference measurement is that gNB already knows the MU-MIMO candidates and their precoders but accurate MU CQI is needed for link adaptation.
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 should be aperiodic.
 In another scenario, multiple interference estimates may be made, each based on a different MU-MIMO hypothesis, i.e. which one or multiple NZP CSI-RS resources are paired in MU-MIMO. The UE feeds back multiple CSIs each associated with an MU-MIMO hypothesis. One issue with this approach is the number of hypotheses depends on the number of NZP CSI-RS resources configured. Even for three configured NZP CSI-RS resources, there are four hypotheses for CSIs to report. The number of hypotheses increases nonlinearly with the number of NZP CSI resources. The associated UE computational complexity and feedback overhead can be large. Considering that NR supports up to 12 UEs in MU-MIMO, the number of hypotheses can be large and thus is not scalable for more UEs in MU-MIMO.
[bookmark: _Toc490244352]CSI feedback based multiple hypotheses assumed at the UE can incur large feedback overhead and may not be scalable with the number of UEs paired for MU-MIMO
For interference measurement from each interfering NZP CSI-RS, a 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 signalled by the gNB 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 gNB.  As discussed previously, the typical use case of using NZP CSI-RS for MU interference measurement is that the NZP CSI-RS is precoded.     Therefore, interference estimation by assuming isotropic interference on NZP-CSI-RS is more practical.  
[bookmark: _Toc490244353]Precoded NZP CSI-RS is the typical use case for MU interference measurement with NZP CSI-RS and thus there is no need to assume precoding for interference estimation.
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 resources.  One way to resolve this issue is to also configure a common ZP CSI-RS to each UE. Each UE estimates the inter-cell interference on the ZP CSI-RS and subtracts it from the interference estimation based 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 resource and one ZP CSI-RS or CSI-IM.  Each UE is indicated with one NZP CSI-RS for channel measurement and the remaining NZP CSI-RS 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 counting of inter-cell interference. The total interference is obtained by adding the interference estimates on both NZP CSI-RS IMR and the ZP CSI-RS IMR.  
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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][bookmark: _Toc485312890][bookmark: _Toc485388802][bookmark: _Toc485407933][bookmark: _Toc485421608][bookmark: _Toc490065283][bookmark: _Toc490126027][bookmark: _Toc490244357][bookmark: _Toc490244652]Scheme 2 may be supported for MU interference estimation with eNB signaling one NZP CSI-RS for channel measurement and one or multiple NZP CSI-RS as IMR for interference measurement. An identity matrix is used as the precoder on the interfering NZP CSI-RSs.
In case of multiple TRPs, a UE needs to treat each NZP CSI-RS equally, i.e. data can be transmitted from any one of, or all of the TRPs.  In this case, gNB needs to know the CSI associated with different TRPs and the underlying interference hypotheses, such as dynamic point selection or blanking (DPS/DPB) or joint transmission (JT). Therefore multiple CSI feedbacks are needed.  This is quite different from the MU-MIMO case.  
In this case, a UE would be configured with multiple NZP CSI-RS for both channel and interference measurements. The UE would derive and report multiple CSIs, each  based on a different channel and interference hypothesis.
As discussed in a companion paper [3], one way to reduce feedback overhead, and also the number of hypotheses, is to pre-configure a number of hypotheses for a small number of TRPs and let the UE select and report a best CSI. 
DMRS based IM
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, if interference emulation adding additional DMRS ports for interference measurement is used, there will be 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.  Finally, DMRS is dense in time and frequency, and so uses more overhead for a given measurement than RS design specifically for CSI feedback.
DMRS based IMs provide limited CSI according to scheduled bandwidth and time of scheduling, can degrade demodulation performance, and can use more overhead than RS specifically designed for CSI.
[bookmark: _Toc481765907][bookmark: _Toc481773658][bookmark: _Toc485312891][bookmark: _Toc485388803][bookmark: _Toc485407934][bookmark: _Toc485421609][bookmark: _Toc490065284][bookmark: _Toc490126028][bookmark: _Toc490244358][bookmark: _Toc490244653]DMRS based interference measurement is not supported in NR.
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. Unlike 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: _Toc490244354]There is no need for large number of aperiodic IMRs and thus for a MAC CE based activation/deactivation of aperiodic IMRs.
Conclusions
In this contribution, we made the following observations:
Observation 1	With prescheduling, MU interference can be estimated with a common ZP CSI-RS, which is scalable with large number of UEs.
Observation 2	Scheme 1 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	A typical usecase of using multiple NZP CSI-RS for MU interference measurement is that gNB already knows the MU-MIMO candidates and their precoders but accurate MU CQI is needed for link adaptation.
Observation 4	CSI feedback based multiple hypotheses assumed at the UE can occur large feedback overhead and may not be scalable with the number of UEs paired for MU-MIMO
Observation 5	Precoded NZP CSI-RS is the typical usecase for MU interference measurement with NZP CSI-RS and thus there is no need to assume precdoing for interference estimation.
Observation 6	There is no need for large number of aperiodic IMRs and thus for a MAC CE based activation/deactivation of aperiodic IMRs.

Based on the discussion in this contribution we propose the following:
Proposal 1	Support MU-interference measurement by transmitting an MU composite signal in a common ZP CSI-RS resource and subtracting a UE’s own signal power from the received composite signal power.
Proposal 2	Scheme 1 with colliding NZP CSI-RS based interference measurement is not supported.
Proposal 3	Scheme 2 may be supported for MU interference estimation with eNB signaling one NZP CSI-RS for channel measurement and one or multiple NZP CSI-RS as IMR for interference measurement. Identity matrix is used as the precoder on the interfering NZP CSI-RS.
Proposal 4	DMRS based interference measurement is not supported in NR.
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