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1 Introduction

In NR there is large number of targeted scenarios where proper interference estimation is needed. It is clear that many of these have the same characterization as typical LTE scenarios. As a consequence, the interference measurement procedures for these types of scenarios are also needed in NR. Identifying how to carry over these functions without breaking the NR design targets needs discussion and investigation. In this paper we will discuss this and two new scenarios.

In NR one of the main targets is to give better support for larger antenna arrays both to achieve higher antenna gain for coverage and to support higher order MU-MIMO. A target number is to support up to 256 TX-chains on the BS. One big benefit of using MU-MIMO is that we can be more flexible in the number of scheduled users where each user can be assigned a large bandwidth while coscheduling other users. Traditionally MU-MIMO has been challenging due to that it required a good choice of coscheduled users to lessen the interference impact of additional MU-MIMO scheduling. 
Another change in NR is that the target scenarios are very wide. For example, critical services with very low error rate targets. This together with the large antenna case introduces additional requirements on the interference estimation procedures in NR. This will be discussed also.
2 Discussion

In LTE the CRS has been used as one component in the interference estimation process. Hence one part to identify is if and how these measurements are to be done in NR. This type of cell specific measurement is needed as long as a significant source of interference is of this type. One of the design goals for NR is to remove always on signals and minimize broadcast transmissions of system information. Hence as long as data and control channels are designed to be UE specific the need for this type of interference measurements is limited. In case of beam-based operation an option is to configure CSI-RS for beam measurements that can serve the same purpose if needed.
Observation 1 Minimizing always on broadcast transmissions and using UE specific DMRS limit the need for cell type measurements and increase the need for UE specific measurements.
Observation 2 Current CSI-RS LTE measurement framework needed for LTE like deployments with a limited number of RX/TX chains.

But in NR the configuration of the CSI-RS measurements needs much larger flexibility than is needed in LTE, due to new use cases, coexistence between services, deployment in unlicensed spectrum, dynamic TDD etc.

Observation 3 NR needs more dynamic and more flexible assignments of measurements on CSI-RS resources compared to the LTE framework.

We will now consider what happens when we increase the number of RX/TX chains on both base-station and UE side.

For beam-formed transmissions the impact of any DL transmission is dependent upon the UE specific beam-forming, e.g. 8 TX has 9 dB beam-forming gain sufficient for strong variations in interference. Further DL-power control is one important feature that could change the interference characteristic compared to LTE and can hence further increase the interference power variations. That is, measuring only the path-gain is not very helpful in the interference estimation rather measuring the effective average interference is better and can be captured using measurements on ZP CSI-RS.

Further an increased number of RX-chains in the UE means that strong spatial filtering can remove interference. How effective this filtering is, depends again on the characteristics of the interference. Hence to estimate the interference impact an explicit hypothesis of the interference or beam-formed CSI-RS is needed. But with more coscheduled users and more antennas tracking all such cases is typically not feasible due to complexity and channel decorrelations etc. 
Observation 4 When the number of TX and RX antennas increases and the number of MU-MIMO users increases, tracking all interference situations with NZP CSI-RS is not feasible.

But observe that the UE side interference suppression still need a pre-equalizer SINR so that the channel estimation works properly. Hence there is still a need to track the general pre-equalizer SINR and detect un-expected high interference that prohibits channel estimation.

Instead of spending energy on tracking interference we can observe that when we increase the number of transmit antennas and use UE specific beam-forming, good transmitter CSI will bring up signal power while the total interference power is more or less fixed as long as the interference is non-coherently added e.g. if the channels are uncorrelated. In some heterogeneous deployments this situation can be different when some nodes do not have a large number of antennas, which could need additional investigations.
Observation 5 Improving CSI used for transmitter beam-forming will increase signal power without adversely affecting the interference, hence main target should be good CSI for transmit-beamforming in NR.
Another observation is that good CSI will in fact lower intra-cell interference if advanced beam-forming techniques are used such as null-forming. From this discussion we see also that the general interference level is quite UE specific in DL even with a moderate number of TX antennas. For example, UEs with low DL power can be sensitive from interference from high power DL transmissions. Un-expected high interference could also be due to dynamic TDD operation, in-band self-backhauling etc. But clearly even if we only consider TX impact of more antennas doing interference measurements UE specific has a scaling problem as there are very many more UEs than base-stations.
Observation 6 ZP CSI-RS can be used to detect both the general interference level and unexpected flash-light type interference.

Hence for the cases when a UE experiences flash-light like interference is important to detect so that it can be taken into account in link adaptation. In a single sub-frame there is typically not that many UEs actively transmitting, hence after the fact the interference can be tracked when CSI-RS measurements are limited to this set of candidate UEs. For this set we can use LTE like techniques for interference measurements. Hence we need to solve the problem of how to enable detection of non-typical interference, and then use standard LTE techniques. In reciprocity operation another cause of unexpected interference can be pilot contamination on SRS measurements.
Observation 7 NZP CSI-RS or DMRS can be used to identify the cause of unexpected interference, e.g. flash-light interference, dynamic TDD and pilot-contamination problems.

Another distinction is how NR should use interference measurements in scheduled data transmissions in relation to data transmission opportunities. In case of measurements on data, DMRS is available both for the channel estimation and also for the coscheduled transmissions. Adding in this case NZP CSI-RS can add additional measurements on users that are not coscheduled for interference measurements but is as observed primarily to give better transmitter CSI not covered by current DMRS. The focus on transmitter CSI is also important as unless non-scheduled UEs are configured/signalled with available measurement resources they are not aware of available resrouces and can thus not perform measurements.
Observation 8 In non-scheduled sub-frames NR UEs might not know available measurement resources.

That interference is very sub-frame specific implies that having flexible and specific measurements of the interference in time and frequency becomes important. In particular for larger bandwidths were transmissions and interference becomes more frequency selective. Hence doing any filtering on the interference measurements can hide the cause of strong non-typical interference and hinder both detection and identification. On the other hand, when capturing the average interference in more LTE like scenarios filtering can be efficient to improve reporting quality and lower overhead.

Observation 9 Best choice of filtering on CSI measurements is scenario and implementation dependent. 

As already observed an additional component in CSI measurements is the differentiation in the service requirements. For MBB services the LTE specification clarifies that the UE evaluation procedure should aim for a BLER of 10%. Hence adopting the same thinking in NR and disregarding rare error events for MBB a higher throughput could be achieved by sending more data in the remaining 90% of the transmission opportunities. Consider for example when a UE is in the coverage boarder to an uncoordinated neighbour using 1 out of 32 beams, then the approximate interference hit rate is around 3%. 
Observation 10 If high interference is rare (<<10% probability) this is not very harm-full for MBB as long as we can detect and react to such interference situations.

Observation 11 Rare error events could be more efficient to detect using fast HARQ feedback.

Another aspect for the interference measurements is to maintain future compatibility. In particular interference measurement resources should neither interfere with coscheduled future services nor should we be forced to pollute CSI-RS measurements for legacy NR devices when we introduce new services into NR.

Observation 12 For future compatibility it is important to be able to contain CSI-RS within a well-defined resource. 

In case of critical services, the error requirements are much stricter and we cannot react to an error event as error events are not allowed from a service quality point of view. We could potentially then need to take the cost of using dedicated resources for critical services due to sensitivity to interference, unless we could observe the effect of interference in advance. Hence observability of interference over a larger set of resources could be needed to guarantee error free operation.

Observation 13 For critical services good observability of a large set of radio resources and interference conditions are needed.

This basically means that we need to support extensive measurements and possibly extensive reporting over an extended measurement resource outside of resources scheduled for data.
Observation 14 Long term measurements are needed to support for services with low error requirements and improved link adaptation.

From this discussion we propose the following:
Proposal 1
No additional measurement signal is introduced to substitute CRS measurements, instead use CSI-RS configured for beam measurements when needed.
Proposal 2
Use LTE CSI-RS framework as baseline for NR CSI-RS design but adopt resource element mappings.
Proposal 3
For MBB services use ZP CSI-RS as a baseline interference measurement resource. 
Proposal 4 
Aim for a lean interference measurement frame-work and enable fast detection of non-expected interference.

Proposal 5
Enable selective interference measurements on either NZP CSI-RS or DMRS.

Proposal 6
Enable configuring CSI-RS to be contained within the data transmission resources and let CSI-RS be dynamically scheduled with the data transmissions.

Proposal 7
Enable configurable filtering on CSI-RS, where one such configuration is one-shot CSI-RS measurements.
Proposal 8
For a large number of antennas the focus on CSI measurements should be to get high quality transmitter CSI. 
Proposal 9
Investigate procedures for detection of unexpected interference and identification of the DL-transmission causing the interference.

Proposal 10
Investigate procedures for long time measurements for improved link adaptation and to give observability to enable critical services.


3 Conclusion

In this paper it is observed that the LTE frame-work for CSI-RS is quite suitable for NR. The difference is that CSI for transmit beam-forming is more important with a larger number of antennas and relatively less resources should be spent on interference measurements.

Observation 15 Minimizing always on broadcast transmissions and using UE specific DMRS limit the need for cell type measurements and increase the need for UE specific measurements.

Observation 16 Current CSI-RS LTE measurement framework needed for LTE like deployments with a limited number of RX/TX chains.

Observation 17 NR needs more dynamic and more flexible assignments of measurements on CSI-RS resources compared to the LTE framework.

Observation 18 When the number of TX and RX antennas increase and the number of MU-MIMO users increase, tracking all interference situations with NZP CSI-RS is not feasible.

Observation 19 Improving CSI used for transmitter beam-forming will suppress interference in relation to the signal power, hence main target should be good CSI for transmit-beamforming in NR.

Observation 20 ZP CSI-RS can be used to detect both the general interference level and unexpected flash-light type interference.

Observation 21 NZP CSI-RS or DMRS can be used to identify the cause of unexpected interference, e.g. flash-light interference, dynamic TDD and pilot-contamination problems.

Observation 22 In non-scheduled sub-frames NR UEs might not know available measurement resources.

Observation 23 Best choice of filtering on CSI measurements is scenario and implementation dependent. 

Observation 24 If high interference is rare (<<10% probability) this is not very harm-full for MBB as long as we can detect and react to such interference situations.

Observation 25 Rare error events could be more efficient to detect using fast HARQ feedback.

Observation 26 For future compatibility it is important to be able to contain CSI-RS within a well-defined resource. 

Observation 27 For critical services good observability of a large set of radio resources and interference conditions are needed.

Observation 28 Long term measurements are needed to support for services with low error requirements and improved link adaptation.

From this discussion we propose the following:
Proposal 1
No additional measurement signal is introduced to substitute CRS measurements, instead use CSI-RS configured for beam measurements when needed.

Proposal 2
Use LTE CSI-RS framework as baseline for NR CSI-RS design but adopt resource element mappings.
Proposal 3
For MBB services use ZP CSI-RS as a baseline interference measurement resource. 

Proposal 4 
Aim for a lean interference measurement frame-work and enable fast detection of non-expected interference.

Proposal 5
Enable selective interference measurements on either NZP CSI-RS or DMRS.

Proposal 6
Enable configuring CSI-RS to be contained within the data transmission resources and let CSI-RS be dynamically scheduled with the data transmissions.

Proposal 7
Enable configurable filtering on CSI-RS, where one such configuration is one-shot CSI-RS measurements.
Proposal 8
For a large number of antennas the focus on CSI measurements should be to get high quality transmitter CSI. 

Proposal 9
Investigate procedures for detection of unexpected interference and identification of the DL-transmission causing the interference.

Proposal 10
Investigate procedures for long time measurements for improved link adaptation and to give observability to enable critical services.


4 Appendix

Agreements:


For DL data transmission, study following interference measurement options for CSI acquisition.


Dynamically assigned (e.g., pre-committed/pre-scheduled) interference measurement resource


In-scheduled interference measurement resource


NZP CSI-RS based interference measurement


DM-RS based interference measurement


Combination of above options


Other options are not precluded


Above study should assume non-full buffer traffic model assumption


Agreements:


For channel and interference measurement in NR, 


For interference measurement, support at least one of following schemes:


Measurement subsets in both time and frequency domain 


Interference measurement restriction in both time and frequency domain


FFS on channel measurement


FFS on the details (including whether measurement subset is equivalent to measurement restriction in the freq. domain)


Study CSI reporting which is optimized for each use case


E.g. CQI which is targeted to high reliability
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