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1
Introduction
During the RAN1#89 we have agreed as working assumption that NZP CSI-RS resources are used in addition to the ZP CSI-RS resources for interference measurement. The exact details of NZP are yet to be agreed, several options being still possible:
	· 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)


In this contribution we elaborate further on the resource elements which should be used for interference measurement. 
2
Interference measurement resources

There are two main remaining issues on interference measurement resource: 1. The choice of NZP CSI-RS and 2. The potential use of DMRS. In addition to these MIMO related issues, one need to consider the interference resources used in dynamic TDD. 

2.1


NZP CSI-RS

The previous RAN1 agreement lists two solutions for NZP CSI-RS:

· 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
Scheme 2 of using NZP CSI-RS with interference emulation consists of several options as follows:

· Option A: utilizing an isotropic precoder assumption along the estimated channels. This means that identify matrix is used in order to obtain the effective channel on the configured NZP CSI-RS. In our results presented further below in Figure 2, this is represented by the configurations 2, 3 and 4. Isotropic assumption implies without precoder knowledge (yellow curve), the performance degrades in average but is still better than CFG4 with 12 REs. Overhead is same as for CFG5+CFG1 (CSI-IM). We also want to highlight that when having an isotropic assumption, there is no increased complexity at the UE.

Observation: the isotropic assumption in interference emulation on NZP CSI-RS, does not imply any increased complexity at the UE.
· Option B: indicating a precoder assumption to the UE. While this may sound as a better proposal than no precoder assumption at all, it is not trivial to perform such precoder indication and certainly this involves increased signaling, if the gNB needs to perform such operation. In the results depicted in Figure 2 we note that CFG2+CFG3+CFG1 with ideal precoder knowledge of interfering PDSCH (magenta curve) performs similarly compared to CFG5+CFG1 (ZP CSI-RS assumption) at low SINRs (< 0 dB) and higher SINRs (> 10 dB), but performs somewhat worse in between. The isotropic assumption is in fact very close to such ideal performance, which needs to be underlined that is a hypothetical upper bound.
Observation: Indicating a precoder assumption for interference emulation implies increased signaling and complexity and it is not justified by increased performance compared to isotropic assumption.
Proposal: support scheme 2, that is emulation on NZP CSI-RS which is represented by multiplied value of channel and precoding matrix, where the precoding matrix is an identity matrix.
As for scheme 1, we see no big merit of this approach. In our study we have investigated an option where multiple NZP CSI-RS are colliding to eachother and such residual interference calculation is performance. However, this approach is sensitive from the NZP CSI-RS density perspective.
2.2


DM-RS
An advantage of DM-RS is the direct estimation of the effective channel of the dominant interferer. 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.

Results for these two DMRS options are shown below by configurations CFG6+CFG1, which results in good performance (slightly better than CFG5+CFG1) up to SINR of 10 dB after which there is some performance loss compared to CFG5+CFG1, but is still better than CFG4 with 12 REs. CSI-RS overhead is only 2 REs per PRB per port. CFG7+CFG1 results in slightly better or similar performance compared to CFG5-CFG1 at higher SINRs (> 4 dB SINR) and performance is similar to CFG4 below 4 dB SINR. CSI-RS overhead is only 2 REs per PRB per port. 

Proposal: support DMRS utilization and allow the configurability of either own DMRS use of interfering DMRS.

2.3 


DMRS vs CSI-RS overhead and configuration

On several occasions the main negative points towards DMRS were the lack of flexibility. However, an accurate comparison of DMRS and CSI-RS is as follows:

· CSI-RS can be scheduled wideband (from UE perspective), hence outside the configured bandhwiths for data reception. But so can be the DMRS! Typically DMRS is confined inside the scheduled data part, it it can be also pre-scheduled similar to the CSI-RS.

· CSI-RS and DMRS are both UE specific, hence the above mentioned pre-scheduling of DMRS is in fact similar to the transmission of CSI-RS and can enherit the configuration of the CSI-RS, that is periodic, aperiodic, even that aperiodic would likely suffice. DMRS can be used for both channel and interference estimation.
· The densities of DMRS and CSI-RS are very much alike, in fact the patterns are very similar, like fo rexample the option of using comb structure being possible in both alternatives.

Observation: CSI-RS and DMRS are very similar, DMRS being a precoded version of the CSI-RS, otherwise having the same scheduling flexibility as CSI-RS.

Proposal: allow the configuration of aperiodidc pre-scheduled DMRS for the purpose of CSI estimation.
2.4


Dynamic TDD resources for interference estimation
One case discussed in a differnet NR AI is dynamic TDD cross-interference estimation, hence the situation where UE-to-UE interference needs to be measured. More specific, the victim UE, performing DL reception, is interfered by an aggressor UE which is performing UL transmission. In such a case, it is clear that first candidates for interference estimation are the UE RS transmitted by the UE performing UL, that is SRS or DMRS. There are a few pros and cons for these RS:

· SRS can be alegdly coordinated between TRPs. On the other hand same is possible for DMRS.

· The transmission of SRS is typically at the end of the slot and for dynamic TDD it is very likely that a pre-scheduling stage is needed. If this is the case, it has no advnatage over DMRS which, as we discussed for MIMO, can be transmitted in pre-scheduling form as well.

· DMRS has the advantage that it is transmitted this time in the scheduled BWs of the aggressor UE, and hence this is the interference needed by the victim UE. Unlike in MIMO, in dynamic TDD we have no interest in the CSI conditions for scheduling purpose, but the critical part is for demodulation.

Bsed on the above reasons, we think the DMRS for itnerference estimation has a better overall utilization.

Proposal: DMRS-based interference estimation should be supported for dynamic TDD. 

2.5


ZP CSI-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: 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.

3
Link-level performance evaluation

In this section, we present the link-level evaluation results, in which multiple different methods to obtain interference measurement for CQI are compared. Link-level evaluation assumptions are presented in Appendix A Different configurations used in simulations are presented in Figure 1 and the evaluation results are presented in Figure 2. Below configurations are covering the agreed schemes to be investigated. More precisely, CFG1/2/3 are configuring NZP CSI-RS across 3 TRPs, with the corresponding muting in other TRPs to enable quality measurements. These configurations are mainly used for CSI-RS interference emulation option A2, but for example CFG-1 is also used for obtaining the clean channel estimate and in conjunction with CFG-5, construct the LTE Rel 10 type of CQI for serving TRP1. CFG-4 consists of colliding NZP CSI-RS, this being a proposal from the previous meeting. CFG-6 is an own-DMRS configuration according to option B1, while CFG-7 is an interfering DMRS option according to option B2.
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Figure 1: Different ZP CSI-RS, NZP CSI-RS and DMRS configurations used for obtaining interference measurement for CQI.
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Figure 2: Throughput performance using different configurations to obtain interference measurement for CQI.
In the legend of Figure 2, it is stated which configuration combinations, shown in Figure 1, are used. In the brackets the number of REs per PRB per port used for interference measurement and channel estimation are stated, respectively. In case of CFG4, interference estimation and channel estimation are both computed using the same NZP CSI-RS. Different configurations are described in more detail below. 

· CFG1: 2 REs of NZP CSI-RS overlapping with ZP CSI-RS of interfering TRPs to obtain clean channel estimation for CQI.
· CFG5+CFG1: Interference measurement is obtained using 4 REs of ZP CSI-RS overlapping with PDSCH of interfering TRPs (LTE CSI-IM). CFG1 is used for channel estimation.

· CFG4: 2, 6 and 12 REs of NZP CSI-RS overlapping with NZP CSI-RS of interfering TRP. Both interference measurement and channel estimation are obtained using same NZP CSI-RS resources.

· CFG4+CFG1: CFG4 is used for interference measurement and CFG1 is used for channel estimation.

· CFG1+CFG2+CFG3: TRP2 has 2 REs of NZP CSI-RS overlapping with ZP CSI-RS of other TRPs to obtain clean channel, H2, between TRP2 and UE. Similarly, for TRP3 to obtain H3. Interference covariance plus noise matrix, without applying precoder of interfering PDSCH, is then obtained by R = H2H2H + H3H3H + n (yellow curve in Figure 2). Also, case in which (ideal) precoder of interfering PDSCH is applied to get effective channel was simulated (magenta curve in Figure 2). CFG1 is used to obtain channel estimation, H1, for CQI.

· CFG6+CFG1: Using own DMRS for interference measurement by subtracting it from Rx signal. CFG1 is used for channel estimation.
· CFG7+CFG1: Using DMRS transmitted from TRP2 and TRP3 to construct interference plus noise covariance matrix as follows: R = Heff2Heff2H + Heff3Heff3H + n. DMRS transmitted from different TRPs are orthogonal and overlapping with PDSCH. CFG1 is used to obtain channel estimation, H1, for CQI.
Based on results presented in Figure 2, the following analysis can be drawn:

· CFG5+CFG1 (LTE CSI-IM) results in overall best performance throughout the SINR range. Overhead is total of 6 CSI-RS REs per PRB per port.

· CFG4 even with 12 NZP CSI-RS REs per PRB per port cannot achieve as good performance as CFG5+CFG1. Also, clearly 2 and 6 REs are not enough to get accurate enough interference measurement and channel estimation for CQI. 

· CFG4+CFG1 results in similar or slightly worse performance compared to CFG4 alone. This implies that clean own channel estimation does not improve the CQI enough to compensate the extra overhead of 2 REs per PRB per port.

· CFG2+CFG3+CFG1 with ideal precoder knowledge of interfering PDSCH (magenta curve) performs similarly compared to CFG5+CFG1 at low SINRs (< 0 dB) and higher SINRs (> 10 dB), but performs somewhat worse in between. Without precoder knowledge (yellow curve), the performance degrades in average but is still better than CFG4 with 12 REs. Overhead is same as for CFG5+CFG1 (CSI-IM).

· CFG6+CFG1 results in good performance (slightly better than CFG5+CFG1) up to SINR of 10 dB after which there is some performance loss compared to CFG5+CFG1, but is still better than CFG4 with 12 REs. CSI-RS overhead is only 2 REs per PRB per port.

· CFG7+CFG1 results in slightly better or similar performance compared to CFG5-CFG1 at higher SINRs (> 4 dB SINR) and performance is similar to CFG4 below 4 dB SINR. CSI-RS overhead is only 2 REs per PRB per port. 

4
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 3. 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 3: 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.
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Figure 4: three types of interference measurement
Proposal: Allow the configuration of multiple types of interference measurement resources (ZP CSI-RS, NZP CSI-RS, DM-RS) inside the IMR.
4.1


Measurements restrictions
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: NR supports both measurement subsets and interference measurement restriction in both time and frequency domain.
Proposal: Support measurement restriction mechanisms for both channel and/or interference measurements.
5
Conclusions
In this contribution we have provided views with respect to the channel and interference measurement in NR.
The following proposals may be summarized:
Interference emulation

Observation: the isotropic assumption in interference emulation on NZP CSI-RS, does not imply any increased complexity at the UE.
Observation: Indicating a precoder assumption for interference emulation implies increased signaling and complexity and it is not justified by increased performance compared to isotropic assumption.
Proposal: support scheme 2, that is emulation on NZP CSI-RS which is represented by multiplied value of channel and precoding matrix, where the precoding matrix is an identity matrix.
Proposal: support DMRS utilization and allow the configurability of either own DMRS use of interfering DMRS.

Proposal: allow the configuration of aperiodidc pre-scheduled DMRS for the purpose of CSI estimation.
Dynamic TDD:
Proposal: DMRS-based interference estimation should be supported for dynamic TDD. 

ZP CSI-RS:

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

Configuration:

Proposal: Allow the configuration of multiple types of interference measurement resources (ZP CSI-RS, NZP CSI-RS, DM-RS) inside the IMR.
Measurements restrictions: 

Proposal: NR supports both measurement subsets and interference measurement restriction in both time and frequency domain.
Proposal: Support measurement restriction mechanisms for both channel and/or interference measurements.
References

[1] R1-1701100,
“On the channel and interference estimation in NR”,
Nokia, Alcatel-Lucent Shanghai Bell
[2] R1-1700921,
“Discussions on channel and interference measurements for NR”,
Samsung
[3] R1-1700753,
“About interference measurements”,
Ericsson
[4] R1-1700474,
“Discussion on interference measurement”,
LG Electronics
[5] R1-1700055,
“Consideration on interference measurement for downlink CSI acquisition
”, Huawei, HiSilicon
A

Appendix

	Link-level evaluation assumptions

	Parameters
	Values

	
	TRP1 (serving)
	TRP2
	TRP3

	Rank
	1
	1
	1

	MCS
	Follow wideband CQI (AMC)
	Random per TTI
	Random per TTI

	PMI
	Follow wideband PMI
	Random per TTI
	Random per TTI

	Interference model
	INR1 profile = [3.28 dB, 0.74 dB]

	Carrier frequency
	2 GHz

	Bandwidth / PDSCH Allocation
	10 MHz / 50 PRB

	Propagation channel / Antenna config
	ETU 5 Hz, 2x2 ULA w/ low correlation

	Receiver algorithms
	LMMSE-IRC

	Channel  estimation /  SINR estimation
	Realistic / Realistic

	Feedback periodicity
	5 ms

	HARQ
	OFF

	DMRS pattern 
	3 REs in 4th and 9th symbol. Orthogonal between TRPs.

	Subcarrier spacing / # of OFDM symbols in subframe
	15 kHz / 14


