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1
Introduction
During the RAN1#88 we have agreed that ZP CSI-RS resources are used for interference measurement. A previous agreement was stating that DM-RS and/or NZP CSI-RS resources are also candidates for interference measurement and NR will support at least two types of resources.
	· 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 this contribution we elaborate further on the resource elements which should be used for interference measurement.
2
Interference measurements in UE receiver

In order to provide a focused discussion in the reminder of the contribution, it is important to clarify the types of interference estimates the UE receiver is performing and the supporting mechanisms which exist in LTE and need to be agreed for NR. In principle, there are two types of interference estimation stages: 1. for CSI computation and 2. for demodulation purposes. 
2.1 Interference measurements for CSI computation

The measurements needed for CSI computation rely on gNB scheduled resources on which the UE is measuring the channel and the interference. Depending on the interference type, it is important on what resources the UE is performing these measurements. Such channel and interference measurements are mainly used for deriving a channel quality estimate (CQI) which is fed back to the gNB. There are a few characteristics which need to be taken into account when configuring resources needed for CQI/CSI computation: 

· The interference measurements need to characterise the best they can the interference profile experienced by the measuring UE. In this respect, computing baseline/fallback CQI is of primary importance.

· Most of the advanced transmission schemes (such as multi-user, multi-point) are relying on multiple CQI hypothesis needed in the gNB. This implies increased complexity at the UE in order to perform such measurements as well as increased consumption of system resource. The interference resources need to account for system overhead.
· Interference computation accuracy is another important dimension; however the system is likely to complement the adaptation of transmission parameters by means of open loop link adaptation mechanisms. 

Observations: 
· Computing accurate baseline/fallback CQI is of primary importance.
· Explicit resources are configured for interference estimation for CSI feedback.
Legacy ways of computing interference are providing some insights on what should be of high importance in the new design. The interference computation on CRS was not able to deliver an accurate picture of the experienced interference by the UE as the traffic load was not reflected in the measurements. This was fixed with the introduction of zero power resources, however the scalability of such concept in multi TRP scenarios remained unclear.  

Observation: Reflecting the interfering traffic is of high importance for accurate interference measurements.
2.2 Interference measurements for demodulation

At the demodulation stage, interference covariance matrix is needed in the receiver processing. The same condition of accurate interference estimates as in the CSI computation stage needs to be fulfilled, the difference being that on this occasion, explicit interference measurement resources may not be configured. Indeed, ZP CSI-RS are understood as being used/configured for CSI estimation, the interference estimation performed during demodulation stage being in fact an implementation specific issue, compared to the interference estimation for CSI which ends up in CSI accuracy testability. However, demodulation performance is one way of ensuring correct interference measurements for demodulation, but we see somehow a more distant testability metric compared to the CSI.

Observation: Interference estimation for demodulation is mainly an implementation specific issue, compared to interference estimation for CSI which has more explicit testability mechanisms due the enforced CQI reliability needs.  
One teaching from LTE NAICS was the fact that explicit information of the dominant interferer may be of great use in the implementation of linear receivers such as enhanced IRC. However, the network needs to provide explicit information on how the UE is able to estimate the equivalent channel of the dominant interferer. This takes us back to the need for similar resources used for interference measurements as in the case of CSI computation. 

Observations: Resource elements needed for interference measurements of advanced receivers may be the same as the ones used for CSI computation.

However, one needs to be careful now with the system overhead, while in CSI feedback some types of interference may be measured based on ZP CSI-RS, one can use the existing DMRS for interference measurements in demodulation and there is no need for additional ZP CSI-RS configuration.
3
Types of interference in NR
Before discussing the details of the most appropriate resource elements to be used for interference estimation, it is important to take a look at the types of interference we are facing in NR. 

3.1 Single user inter cell/TRP interference (SU MIMO)
Single user transmission is going to be a very important scheduling mechanism in NR. Inter cell/TRP interference needs to be accurately estimated and the corresponding traffic needs to be reflected in the computed CQI. From a demodulation perspective, a coarse interference covariance matrix estimate is likely to suffice. 
Observation: Single user inter cell/TRP interference would still be a basic interference form in NR.
3.2 Multi user intra cell/TRP interference (MU MIMO)

Multi user scheduling is likely to be used to a large extent in NR compared to LTE. The utilization of large arrays and narrow beams would facilitate the utilization of at least 4 layers in MU, from two or more users. In this scenario it appears the need for the explicit consideration of the paired UEs which should be reflected in the computed CSI and in particular in the demodulation stage.

Observation: In MU scheduling the paired UEs should be reflected in the computed CSI as well as in the demodulation.
 3.3 Single user inter cell/TRP interference (CoMP)

In multi-TRP operation it is certainly a need for multiple interference hypothesis. For traditional CoMP it is likely that two/three CSI hypothesis are a starting point. A similar operation can happen in above 6 GHz where distributed MIMO transmission would require a similar amount of interference hypothesis. 
Observation: In Multi-TRP scenarios it is required to have two/three CSI hypothesis as a starting point.

3.4 Cross-link interference (Dynamic TDD)

Most of the NR deployments would require TDD operation. Dynamic TDD needs to be an integrant part of the design. In cross-link operation the interference structure is friendlier at least in the cases where OFDMA is used for UL transmission. The identification of the dominant interferer may be of particular importance in this case. Similar interference measurement resources may be used for both CSI computation and demodulation. 
Observation: Interference estimation for dynamic TDD should be considered in the same discussion as interference estimation for MIMO.
4
Interference measurement resources

We have seen so far two important dimensions of the interference measurement: the way in which the UE is using the interference estimates and the interference scenarios of NR. 

During the previous RAN1 meetings, it became clear that few important requirements need to be fulfilled: the use of the interference measurement resources needs to have a very clear yet flexible functionality, UE complexity needs to be taken into account. The main candidates are: ZP CSI-RS, NZP CSI-RS, DM-RS.

ZP CSI-RS have few characteristics which can be enumerated as follows:
· Provide the basic/fallback interference estimate in single user scheduling.

· Provide flexibility in the actual interference estimation by allowing the exposure of the interfered data channel to either “clean” interference or interference emulated by the basestation (which is an implementation specific operation).

· Scale easily in various densities if necessary.

· Depending on the network coordination, they are efficient and straight forward ways to expose the target UE to various interference hypothesis
· They require a single way of interference computation in the UE. 

ZP CSI-RS were agreed interference measurement resources in previous meeting. In our view it is desirable that such ZP resources are using more freely the resource elements compared to the NZP CSI-RS pattern.

Proposal 1: Define separate patterns for ZP CSI-RS from NZP CSI-RS.

To be more specific, the ZP CSI-RS pattern can be a superset of the NZP CSI-RS pattern and allow the overlapping of ZP resources over DMRS, SRS or other signals which may be used for interference measurements.

NZP CSI-RS:

· Are configured to the UE in order to facilitate the channel estimation for interfering transmission points. In the same time, the UE can emulate the interference coming from that particular points. This is typically done by the UE forming an interference hypothesis by emulating an isotropic signal. 
At this point we want to look into a multi-TRP operation utilizing ZP and NZP resources for interference estimation. Different resource configurations for two CSI-RS configurations are presented in Figure 1. Depending on ZP and NZP assumption we have the following options: If the NZP are used and residual method is applied, the number of configurations equals to the number of CSI-RS configurations used for the UE. For example CFG-1 and CFG-2 in Figure 1 for the case of two transmission points. If the ZP resources are configured for interference estimation, several options are possible: one option is to utilize only one interference configuration (CFG-5) to measure interference of outer CoMP measurement set and either to emulate the exact CoMP CQI hyphothesis (or fallback option) at the UE side or to allow the network to make corresponding CQI approximations. The alternative option is to (semi-statically) signal multiple CQI hyphothesis, for example CFG-3, CFG-4, and CFG-5, which can support DPS w/wo muting hyphothesis and feed back multiple CQIs per point. 
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Figure 1. ZP and NZP CSI-RS configurations for multiple CQI hypotheses. Left figure: minimalistic configuration using interference emulation, right figure: ZP based interference measurement.
DM-RS:
· An advantage of DM-RS is the direct estimation of the effective channel of the dominant interferer, as we will describe next. ZP CSI-RS cannot provide the functionality of identifying the dominant interferer unless the interfering PDSCH is decoded and residual interference estimated. This is however a case needed more for demodulation.
· Two forms of DM-RS can be utilized. 
· DM-RS of the serving UE: based on which the residual interference can be computed after the estimation of the serving DM-RS. The quality of such estimates depends on the DM-RS design. It is likely that the DM-RS of the serving UE would be either blanked or overlap with the DM-RS of the paired UE (though OCC, cyclic shift, etc). The latter case is more useful as the residual interference computed on DM-RS would capture the characteristics of the interfering signal.

· DM-RS of the interfering UE. In this configuration the IMR allows the direct measurement of the DM-RS from the interfering UE, this means that the effective channel of the interfering UE can be directly obtained by the target UE.
One case not much discussed but which can be linked to dynamic TDD cross-interference estimation is the situation where interference is measured on SRS. Due to the hopefully DL/UL symmetric channel design, one may argue that interference may be measured from the UL DMRS, however SRS could be an alternative. 

At least part of the main requirements for the above alternatives are: 1. The support for CoMP operation when a large amount of UEs is configured, 2. Providing advanced interference estimates for MU MIMO operation, 3. Provide dominant interference information aiding network coordination schemes. ZP CSI-RS can achieve some of these goals, but not all. In any case, ZP CSI-RS is a basic components nobody is disputing, already agreed. NZP CSI-RS is already configured for the UE, and from this perspective it comes “for free”. The main problem however is the emulation hypothesis which is based on an isotropical signal. This does not seem to scale flexibly with the directional transmission which happens in both CoMP and above 6GHz beam based scenarios. This is a point where DM-RS operation has an edge, especially the option where the DM-RS of the interferer is used for estimation. DM-RS can be used for the demodulation stage as access to equivalent channel of the interferer is easier, the only drawback being the fact that such interference information is available only during the scheduling stage. Note that in terms of resource consumption, NZP CSI-RS and DM-RS are similar as the resources are already configured for other purposes. In fact the DM-RS has even lighter overhead impact, as it is scheduled for the interfering UE. When NZP CSI-RS are used, such as in the example from Figure 1, there is not a major overhead difference between the NZP and ZP configuration as ZP is needed anyway for baseline CQI computation and out of CoMP set interference. In either case of NZP CSI-RS or DM-RS, the dominant interferer power can be obtained by the UE and this is beneficial to be fed back to the gNB in a form of Interferer Quality Information. 
Observations:

· ZP CSI-RS is a basic component, supported already in NR for interference estimation

· NZP CSI-RS suffers from the assumption of isotropic signal used in the interference calculation hypothesis.

· DM-RS provides access to the dominant interferer equivalent channel but may be impacted by the scheduling delay. For interference used for demodulation, DM-RS is exactly the needed component.
· Both NZP CSI-RS and DM-RS can be used in acquiring the dominant interferer power which can be fed back to the network in form of Interference Quality Information.
5
Interference measurement configuration

The flexibility of utilizing the discussed interference measurement resources depends on how the IMR is defined, and all these signals configured for interference estimation, something we address in the following. One option following LTE operation is to configure the same resources for ZP and NZP CSI-RS, hence overlapping patterns. In order to enable the DM-RS utilization a straight forward way is to allow the overlap between the IMR and DM-RS Figure 2. This would mean that the IMR is a flexible resource, which may overlap with (consist of) ZP CSI-RS but also overlap with other signals. The UE would be configured with IMR and inside this IMR would find the necessary/various resource elements on which interference is measured, this being ZP, NZP CSI-RS or DM-RS.
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Figure 2: two UEs PDSCH with different interference measurement configurations
In Figure 3 we detail the type of interference which could be estimated by UE#2. In this example the UE#1 is configured with DMRS on RE#1, zero power IMR on RE#2, data on RE#3 ((positions c1, 2, 3),). The UE#2 is configured with three zero power IMR on RE#1, 2, 3. The UE#2 performs the following measurements: on RE#1 it estimates the effective channel of UE#1 based on UE#1’s DMRS, on RE#2 it estimates the inter-cell interference, excluding the interference coming from UE#1, on RE#3 it estimates the interference from the data channel of the UE#1+additional intercell interference.

[image: image4.png]Resourceindex 1 2 3 4 56 7 8 9
UE#1REs EL LTI TTT]
ues2REs [T TTTTTL]





Figure 3: three types of interference measurement
Proposal 2: Allow the configuration of multiple types of interference measurement resources (ZP CSI-RS, NZP CSI-RS, DM-RS) inside the IMR.
The RAN1#86bis agreement proposes two options as follows:

· Measurement subsets in both time and frequency domain 
· Interference measurement restriction in both time and frequency domain
Each of these options has its own use cases: schemes like dynamic ICIC may rely on measurement subsets in both time and frequency. Interference measurement restrictions may be utilized by the scheduler for MU CSI acquisition and other implementation based network coordination mechanisms. 

Proposal 3: NR supports both mmeasurement subsets and interference measurement restriction in both time and frequency domain.
Proposal 4: Support measurement restriction mechanisms for both channel and/or interference measurements.
6
System performance

In this section we present a preliminary system results comparing SU MIMO CQI with DMRS based CQI utilized for MU MIMO pairing. The results presented in Table 1 are considering FTP1 traffic model, Rel 14 FD MIMO codebook, while for MU MIMO CQI an additional scheduling delay of 5ms is modelled, emulating a pre-scheduling stage. Detailed simulation assumptions are presented in the appendix. We observe performance gains for the MU CQI, on the other hand we do agree that other forms of MU CQI computation are possible, including scaling of the SU MIMO CQI if available.
Table 1: MU MIMO system performance fpr ZP CSI-RS and DMRS based CQI computation
	
	Mean UE SE
	Cell-Edge UE SE
	Median UE SE

	SU-MIMO CQI feedback 

(5ms feedback period)
	2.41
	0.48
	1.75

	SU and MU-MIMO CQI feedback 

(5ms feedback period + 5ms scheduling delay
	2.56 (+6.2%)
	0.53 (+10.4%)
	1.91 (+9%)


Proposal 5: Investigate further in link and system the performance of NZP and DMRS based REs for interference estimation.
7
Conclusions
In this contribution we have provided views with respect to the channel and interference measurement in NR.
The following proposals may be summarized:
Proposal 1: Define separate patterns for ZP CSI-RS from NZP CSI-RS.

Proposal 2: Allow the configuration of multiple types of interference measurement resources (ZP CSI-RS, NZP CSI-RS, DM-RS) inside the IMR.
Proposal 3: NR supports both mmeasurement subsets and interference measurement restriction in both time and frequency domain.
Proposal 4: Support measurement restriction mechanisms for both channel and/or interference measurements.
Proposal 5: Investigate further in link and system the performance of NZP and DMRS based REs for interference estimation.
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Appendix

	Parameter
	Value

	Scenario
	3D-UMi with ISD = 200m

	Carrier frequency
	2GHz

	System bandwidth
	10MHz

	Channel model
	According to 36.873

	eNB transmit power
	41 dBm

	eNB antenna configuration
	(M,N,P) = (8,4,2)

(dV,dH) = ( 0.8, 0.5 ) λ

The 8 vertical elements are virtualized to 2 antenna ports with an electrical tilts of 1000 using the subarray connection model in 36.873

	Duplex mode
	FDD

	Traffic model
	FTP Model 1 with packet size 0.5 Mbytes, targeting 50% RU

	UE distribution
	According to 36.873: 20% outdoor (3km/h), 80% indoor (3km/h)

	UE antenna config.
	2 Rx, cross-polar (+90/0)

	UE antenna pattern
	Omni

	Receiver
	MMSE with channel estimation error and interference modelling

	Feedback
	Rel.14 LC codebook with L = 2 and wideband scaling

	
	CQI and RI reporting every 5ms

	
	CQI Feedback delay is 5ms for SU and MU CQIs

	Transmission scheme
	MU-MIMO with maximum UE rank of 2

	Scheduler
	PF with frequency selective scheduling

Additional scheduling delay of 5ms is modelled when using MU CQI


