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1. Introduction
[bookmark: _Ref129681832]At the previous meeting (RAN1#90bis), NZP CSI-RS based channel and interference measurement (CM and IM) was extensively discussed, and the following agreement was achieved [1]
Agreement:
· A set of NZP CSI-RS resource(s) is configured to a UE for channel and interference measurements, where
· A subset of the set of NZP CSI-RS resource(s) are for channel measurement and another subset of the set of NZP CSI-RS resource(s) are for interference measurement
· [bookmark: _GoBack]Network indicates via DCI the subset of NZP CSI-RS resource(s) for channel measurement and the subset of CSI-RS resource(s) for interference measurement
· FFS: Whether the DCI indication is the dynamic triggering of one or multiple CSI reporting setting(s) or not
· FFS: some CSI-RS resource(s) from two NZP CSI-RS resource subsets can be overlapped or not
· UE assumes each port of channel measurement NZP CSI-RS resource(s) corresponds to a desired layer if no PMI and RI feedback

On the other hand, the following working assumption was achieved on ZP CSI-RS based IMR, i.e.,
Working Assumption:
For ZP CSI-RS based IMR, support (2,2) and (4,1) which are configurable by RRC signalling
· Note: Study until next meeting whether support of both (2,2) and (4,1) are both necessary. If not, RRC configurability will be removed.

Other relevant agreements include:
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
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, the remaining details of CSI measurement would be discussed, including necessity of supporting overlapped NZP CSI-RS resources(s) for channel and interference measurement, the associated UE behavior for each configuration, RE patterns for ZP CSI-RS based IMR, and measurement restriction.
2. Discussion on NZP CSI-RS based interference measurement 
2.1. NZP CSI-RS configurations
One remaining issue regarding NZP based interference measurement is that whether some CSI-RS resources can be configured for both channel and interference measurement.
One typical use case of overlapped CSI-RS resource for channel and interference is illustrated in Figure1. One NZP CSI-RS resource is shared by a group of MU paired UEs, and used for both channel and interference measurement.
[image: ]
Figure1: One NZP CSI-RS resource is for channel and interference measurement
Based on prior CSI information, gNB determines MU transmission on subframe n+l for a set of UEs. On the CSI-RS resource of subframe n, gNB would transmit beamformed CSI-RS for each UE in the MU group. Each UE in the MU group would estimate channel to obtain the intended signal, as well as interference by discounting (such as subtracting) its own intended signal from the received signal. For instance, from UE k‘s perspective, the received signal on the NZP CSI-RS would be expressed as
                                                (1)
where  is the MU interference,  represents inter-cell interference, and  represents  thermal noise. It should be noted that when the NZP CSI-RS resource is aligned between surrounding cells, and each cell follows the same mechanism to transmit NZP CSI-RS, the term  actually reflects the inter-cell interference that would be experienced on the future PDSCH subframe. Hence, with this configuration, gNB is able to predict the interference on the future PDSCH, including both MU interference and inter-cell interference. 
It should be noted that different CSI-RS ports (orthogonalized via, e.g., FDM, CDM) in a CSI-RS resource can be assigned to different users. This mechanism has already been agreed for non-PMI feedback case, i.e., port index indication per CSI-RS resource can be configured by RRC to select the CSI-RS port(s) used for RI/CQI calculation per rank. With such configuration, channel measurement on assigned CSI-RS ports would not be impacted by other interfering ports.
As a comparison, the configuration of non-overlapped CSI-RS resource(s) for channel and interference is shown in Figure 2. From the UE0 perspective, NZP CSI-RS resource #0 is for channel while NZP CSI-RS resource #1 and #2 for interference. If gNB emulates potential MU signals on resource#1 and #2, UE0 can probe MU-interference by measuring interference on these two IM resources.
     
 [image: C:\Users\z00349346\AppData\Roaming\eSpace_Desktop\UserData\z00349346\imagefiles\4F77EB23-466A-43FF-AF45-F956AA133085.png]
Figure2: Non-overlapped NZP CSI-RS resource(s) for channel and interference measurement for UE0

However, in this case inter-cell interference cannot be fully probed as enabled by overlapping CMR and IMR, even if the set of NZP CSI-RS resources are aligned with neighbor cells’. As shown in Figure3, the configuration of CSI-RS resources in cell M is exact the same as those in cell 0, where resource #0, #1 and #2 are assigned to UEx, UEy, and UEz for channel measurement. Users in cell0 also use these resources to probe the interference from cell M. However, from UE0’s perspective, only the inter-cell interference from Cell M that are serving UEy and UEz is captured. The missing interference from UEx would result in inaccurate probing of inter-cell interference. If, on the other hand, the set of NZP CSI-RS resources in Cell0 is orthogonal to neighbor cells’, UE0 then needs to be configured with 5 NZP CSI-RS resources for IM to measure intra-cell MU interference and inter-cell interference from CellM. In general, if M interfering cells are in UE0’s neighborhood, and each cell supports N UEs, (M+1)N NZP CSI-RS resources for IM need to be configured for UE0, leading to prohibiting overhead and complexity.
 [image: C:\Users\z00349346\AppData\Roaming\eSpace_Desktop\UserData\z00349346\imagefiles\8DE27BF4-042B-4896-8C58-16F960AE6B3C.png]
Figure3: Inter-cell interference is hardly predicted with the configuration of non-overlapped CMR and IMR
In our view, probing fast varying inter-cell interference is an essential characteristic for the feature of NZP based interference measurement. The simulation results in [2] observe significant gain once inter-cell interference is precisely probed. Hence, in order to realize the gain of better link adaptation, especially for those cells that are capable of aligning NZP CSI-RS configuration, we propose to support overlapped CSI-RS resource(s) for channel and interference measurement.
Proposal 1: NR supports overlapped NZP CSI-RS resource(s) configured for channel and interference measurement.

2.2. UE assumption and behavior
In LTE, ZP CSI-RS resources are configured for interference measurement, where signals on ZP CSI-RS are generally assumed to be PDSCH of neighbor cells. Hence averaged power on the ZP CSI-RS may more or less reflect the slowly varying part of the interference from other cells. However, the mechanism of NZP based interference is quite different from that based on ZP resource. The UE behavior should be carefully discussed and clearly specified. Otherwise, the NZP CSI-RS based interference measurement may not work as we expect.
The first issue to clary is that we cannot assume UE can always extract interfering channel from IMR. The reasons include that
· Estimating interference channel may involve advanced receiver related operations on UE side, which are not yet discussed thoroughly. For example, how CSI should be derived with the extracted interfering channel matrix, how non-dominant interference plus noise should be estimated (such as obtained on a ZP for IM, or on this NZP CSI-RS resource with NZP CSI-RS signal discounted), etc., can be complicated and need further study.
· Interference power may not be high enough. In MU operation, users are usually spatial separable. Due to beamforming, the interference that one UE experiences is generally weaker than those CSI-RS targeting at this UE. So channel estimation performance can be degraded and may render this operation infeasible.

Hence, for a NZP IM resource, MU interference may be mixed with or may not be easily separable from inter-cell interference, unless there is no inter-cell inference on this NZP resource(s), which is almost impossible. So UEs may need to assume the signals on an interference port may contain both MU interference and inter-cell interference. 
The following UE behaviors are to be specified in NR
· On a NZP CSI-RS resource only for channel measurement, UE assumes its desired signal(s) is transmitted. That is, the NZP CSI-RS to be used by the UE for CM is transmitted according to network configuration/indication, including, e.g., scrambling ID, layers/ports, pc (‘powerControlOffset’), etc.
· For a NZP CSI-RS resource configured for IM but not CM (i.e., for cases with non-overlapped IMR and CMR), UE assumes only interference signal(s) is transmitted on the resource. The summation or weighted summation of extracted interference port energy may be performed by the UE. The reason behind summation or weighted summation is that, as RAN1 has agreed, a CSI-RS port corresponds to an interferer layer. So the operation of summation or weighted summation may reflect the total interference, which needs to be ensured by proper network implementation, but exactly how network implementation is done does not need to be standardized. One example of the weighted summation is averaging the interference power over all ports, which requires no additional signaling support and should be considered in Rel-15. 
· For CSI-RS resource(s) configured for both channel and interference, the UE assumes its desired signal(s) is transmitted on the resource and according to network configuration/indication, and interference signal(s) is also transmitted on the resource. The UE may perform CM on the resource by extracting the desired NZP CSI-RS signal. Then the remaining signals/power after discounting desired signal are interference to be measured by the UE. 
· When more than one NZP CSI-RS resources are to be configured for interference measurement, UE assumptions to allow the UE to properly combine the interference on NZP CSI-RS resources should be defined. 
Taking non-overlapped CSI-RS resources as example, a typical configuration of a set of NZP CSI-RS resources are shown in in Figure 4. In cell0, NZP CSI-RS resource#0, #1, and #2 are assigned to UE0, UE1 and UE2 respectively for channel measurement. For each UE, the other 2 CSI-RS resources except for CSI-RS resource for CM are as interference resources.  
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Figure 4: A set of CSI-RS resources are configured and shared by 3UEs








For UE0, the interference on resource #1 and #2 can be expressed as  and , respectively.  and  are the interference for UE1 and UE2, and  is the interference from neighbor cells, which will reflect the downlink interference on measurement subframe. It would be noted that there is a higher layer parameter pc (‘powerControlOffset’) associated with each NZP CSI-RS resource, which is interpreted as power/energy offset of NZP CSI-RS RE to PDSCH RE. Assuming ,  as the power offset associated with resource #1 and #2, Y1 and Y2 can be represented as 

,



where  represents the interference from UEi’s PDSCH.


Since the goal of IM is to emulate the interference experienced on MU PDSCH, the operation of weighted summation can be defined as. Here we assume Iinter is the slowly varying inter-cell interference, and be constant on different interference resources. When , the  result would be MU and inter-cell interference. 
From the discussion above, when gNB configured the correct powerControlOffset on each NZP interference resource, the operation of weighted summation would not lead to multiple counting of inter-cell interference. Some restriction on the configured ‘powerControlOffset’ for each NZP CSI-RS resource is required.


The other alternative is to introduce an additional ZP CSI-RS resource to resolve the double counted inter-cell interference issue. For instance, the power of inter-cell interference is estimated on ZP CSI-RS and denoted as , then the total MU and inter-cell interference can be obtained as  . In this case, there is no restriction on ‘powerControlOffset’, however it requires additional resource of ZP CSI-RS, and the ZP CSI-RS resource needs to be carefully coordinated among gNBs.

Based on the discussion above, we have the following observations,
· When a set of NZP CSI-RS resources are aligned between cells, to obtain unbiased inter-cell interference measurement powerControlOffset is not necessarily configured or used on resources with MU interference, or left for gNB implementation. The weighted summation over the interference on all NZP CSI-RS resources would accurately reflect the MU and inter-cell interference.
· When a set of NZP CSI-RS resource in serving cell is assume to collide with PDSCH of neighbor cells, proper ‘powerControlOffset’ should be configured for each NZP CSI-RS resource with MU interference. Then the weighted summation over the interference on all interference resources would reflect the MU and slowly varying part of inter-cell interference. 

Therefore, for the case with NZP CSI-RS resources for interference measurement, the UE behavior and assumption should be standardized as followings:
Proposal 2: NR should specify the following UE behaviors
· On a NZP CSI-RS resource only for channel measurement, UE assumes
· Its desired signal(s) is transmitted
· On a NZP CSI-RS resource only for interference measurement, UE assumes
· Only interference signal(s) is transmitted
· On a NZP CSI-RS resource for both channel and interference measurements, UE assumes 
· Its desired signal(s) is transmitted; and
· Interference signal(s) is also transmitted
· UE assumes weighted summation over interference estimated on all resources for interference measurement
· A scaling factor associated with NZP CSI-RS Pc may be assumed.

2.3. DCI signaling design
According to the agreement of email discussion [90b-NR-13], CSI request field can trigger aperiodic CSI-RS resource set(s) for channel and/or interference measurement. However among these CSI-RS resource sets, which resources are for channel and which are for interference would be clearly indicated. There are two alternatives can considered.
· Alt-1: each trigger state of CSI request filed would reflect the combination of {CSI reporting setting, CSI-RS resources for channel, CSI-RS resources for interference};
· Alt-2: each trigger state of CSI request filed would indicate CSI reporting setting and this CSI reporting setting associated CSI-RS resource set. Addition bit-field in DCI further selects the resource subset for channel and resource subset for interference; one straightforward scheme is the entire resources in the set are for IM and one subset of resources are indicated via this DCI for CM. Alternatively, all resources in the set are for CM and additional bit-field in DCI further indicates resources for IM.
  
Basically, both alternatives can support the mechanism of NZP based interference measurement. However, Alt-2 is more flexible on selection CSI-RS resources for channel or interference measurement. Apparently Alt-1 can achieves the same flexibility when sufficient trigger states are supported in CSI request field. However RRC signaling need to configure each state corresponding to each measurement hypothesis and reporting setting. Considering carriers in trigger states, the RRC signaling overhead and configuration complexity would be high. From this point of view, we slight prefer Alt-2. See [3] for more discussions.
Proposal 3: In addition to CSI request field, introduce additional bit-field in DCI to further indicate the resources for channel measurement and/or resources for interference measurement.
[bookmark: OLE_LINK32]
3. Discussion on RE pattern for ZP CSI-RS based IMR
According to the working assumption in previous meeting, whether supporting both or one of RE patterns (2, 2) and (4, 1) should be determined for ZP CSI-RS based IMR. From the interference measurement perspective, ZP CSI-RS resource is general configured to collide with PDSCH of neighbor cells. However, we cannot preclude the use case that ZP CSI-RS resource collides with NZP CSI-RS resource in serving or neighbor cells. In this use case, gNB can emulate any signal transmission on this ZP IMR, to enable UE to measure the quantities that gNB desires. From this point of view, RE pattern of ZP CSI-RS should cover NZP CSI-RS patterns as much as possible. After analysis of agreed NZP CSI-RS patterns, we observe ZP pattern (2, 2) collides more NZP CSI-RS patterns. Hence at least ZP pattern (2, 2) should be supported.
On the other hand, from the CSI derivation perspective, the shorter the NZP and ZP CSI-RS resource spans, the longer time would be left for CSI calculation. It is very essential for fast CSI feedback. Hence, for this scenario ZP pattern (4, 1) is more preferred and should be supported.
From the discussion above, both (2, 2) and (4, 1) have their particular use case. We think supporting both patterns would enable gNB more flexibility for interference measurement. Regarding the signaling of the ZP CSI-RS pattern, RRC is always needed. For some dynamic indication cases, such as rate-matching indication, DCI may be additionally needed. 
For the ZP CSI-RS patterns, we propose
Proposal 4: Support two RE patterns (2, 2) and (4, 1) for ZP CSI-RS based IMR.
4. Discussion on Measurement restriction
It was agreed to support measurement restriction in time domain for channel and interference measurement. However, the detailed mechanism should be discussed. Taking into account the flexibilities to fit the rich channel conditions in various NR scenarios, measurement restriction by a configurable number of slots can be considered in NR. Moreover, the change of beamformer may be associated with certain events, e.g., TRP applying a new beam according to the beam indicator (CRI) or the like reported by the UE; see [5]. Other events include RRC reconfiguration of measurement and/or resources. When such an event occurs, the UE needs to reset its channel measurement from then on and shall not average the measurements before and after the event. Therefore, time domain channel measurement reset due to relevant events should be supported.
With the similar reason as suggested above for time domain channel measurement restriction, interference measurement restriction by a configurable number of slots can be considered in NR, in order to align with the possible configuration of time domain channel measurement restriction.
Proposal 5: NR supports a configurable number of slots for time domain channel/interference measurement restriction and time domain measurement reset due to change in CRI and/or measurement/resource configurations.
The frequency domain channel measurement restriction, on the other hand, is to be considered in the situation where multiple services exist in different parts of the whole frequency band. The channel measurement over the whole bandwidth is possible, however only one or a few bandwidth parts need to be measured for the UE in certain service(s). In this regard, restricting the channel measurement in frequency domain is also beneficial.
According to previous agreements on wider bandwidth operation, there can be multiple bandwidth parts configured to a UE, each of which corresponds to a specific numerology to support the relevant service. At least one out of multiple bandwidth parts can be activated, while multiple bandwidth parts with different numerologies activated simultaneously can also be considered. With this flexibility of bandwidth part configuration, the frequency domain channel measurement restriction should at least be applicable in bandwidth part-wise, i.e. measurement restricted to one or more bandwidth parts out of the full bandwidth. 
Further measurement restriction within a bandwidth part can also be considered. For instance, in beam management, a UE-group-specific CSI-RS may need to cover the whole band of the link or a specific subband. A UE-specific CSI-RS may need to be allocated within the frequency resources to a particular UE, in order to provide accurate beam information and/or CSI, and also to avoid affecting other FDM-ed transmissions. In this regard, CSI-RS bandwidth smaller than the bandwidth part may be considered, and thus the frequency domain channel measurement restriction on the CSI-RS configured bandwidth within a bandwidth part.
In the previous meetings, it was agreed that CSI-RS may be configured with a bandwidth smaller than the UE’s BWP. In this way, channel measurement resource as well as interference measurement resource can be configured with their respective bandwidth which can be equal to or smaller than the BWP. For a derived CSI, NZP CSI-RS IMR bandwidth should be at least the same as the bandwidth of NZP CSI-RS CMR. Otherwise, it is not reasonable to calculate CQI based on a NZP CSI-RS CMR configured in bandwidth part 1 but a NZP CSI-RS IMR in bandwidth part 2 for an example. Thus, UE should not expect to receive an NZP CSI-RS resource for interference measurement whose bandwidth is not the same as the bandwidth of channel measurement resource. 
Regarding the signaling of measurement restriction by means of CSI-RS bandwidth, several ways can be conducted. For example, with a granularity of RBG, bitmap can be used. The length of the bitmap depends on the RBG/CSI-RS bandwidth and corresponding RBG size. Or specifically for continuous CSI-RS bandwidth, a starting position and a length of the bandwidth can be configured to the UE based on a granularity of RB for an example. 
Proposal 6: Support channel and interference measurement restriction on CSI-RS resources within a configurable number of subbands, and if the CSI-RS resource has a configured bandwidth smaller than the BWP, channel and interference measurements are restricted to the CSI-RS resources within the configured bandwidth.
5. Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the remaining details of CSI measurement are discussed. We have the following proposals: 
Proposal1: NR supports overlapped NZP CSI-RS resource(s) configured for channel and interference measurement.
Proposal 2: NR should specify the following UE behaviors
· On a NZP CSI-RS resource only for channel measurement, UE assumes
· Its desired signal(s) is transmitted
· On a NZP CSI-RS resource only for interference measurement, UE assumes
· Only interference signal(s) is transmitted
· On a NZP CSI-RS resource for both channel and interference measurements, UE assumes 
· Its desired signal(s) is transmitted; and
· Interference signal(s) is also transmitted
· UE assumes weighted summation over interference estimated on all resources for interference measurement
· A scaling factor associated with NZP CSI-RS Pc may be assumed.
Proposal 3: In addition to CSI request field, introduce additional bit-field in DCI to further indicate the resources for channel measurement and/or resources for interference measurement.
Proposal 4: Support two RE patterns (2, 2) and (4, 1) for ZP CSI-RS based IMR.
Proposal 5: NR supports a configurable number of slots for time domain channel/interference measurement restriction and time domain measurement reset due to change in CRI and/or measurement/resource configurations.
Proposal 6: Support channel and interference measurement restriction on CSI-RS resources within a configurable number of subbands, and if the CSI-RS resource has a configured bandwidth smaller than the BWP, channel and interference measurements are restricted to the CSI-RS resources within the configured bandwidth.
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