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1 Introduction
With large system bandwidth and beam based transmission, NR is expected to have a very dynamic interference environment. Therefore many features such as dynamic TDD, link adaptation etc., could benefit greatly from having reliable and short term characterization of “Cross Link Interference” (CLI). In the case of LTE the only explicit interference measurement available is RSRP which is only useful for RRM level configurations since they are long term. Also in LTE the only short term interference measurement is implicit and can be obtained via configuring different CSI-RS processes with different IMR configuration modelling different interference hypothesis. Such a method of short term implicit interference measurement is cumbersome and consumes a lot of overhead both in terms of UE processing and system resources (e.g. having to use multiple CSI-RS resources). In the case of NR it might be better to obtain more explicit short term interference measurement for features such as dynamic TDD, fast link adaptation, etc.
During RAN1#87 meeting the following agreements were reached regarding the cross-link interference:

Agreements:
· At least following schemes are identified to be further studied aiming to mitigate cross-link interference with and without the assumption on inter-cell coordination:
· Advanced receiver for interference cancellation/suppression 

· RS design (e.g. symmetric RS) and timing alignment between DL and UL 

· Sensing/measurement scheme (e.g. LBT-like, OTA measurement if any, etc.)

· Power control and coordinated schemes (e.g. coordinated beamforming/scheduling, OTA signalling if any, etc.)

· Link adaptation

· Strive for common cross-link interference mitigation schemes for both paired and unpaired spectrum.

· For further study of measurements of cross link interference (CLI), aim for (if possible) reusing a physical reference signal used for other purposes 

· The need to enable CLI measurement should be taken into account when designing the RS which is also to be used for CLI measurement

· Study metric(s) to be used for CLI measurement, e.g., RSRP

· Physical reference signal used for CLI measurement aim for the same type for DL & UL (e.g. DM-RS type, CSI-RS type, etc.)

· To support CLI measurement, RS of a UE or a TRP aim to be received by another UE or another TRP 

In this document we provide a systematic overview of interference measurement and feedback for NR. First we provide a description of different types of interference measurement and their information content. Then we provide some design aspects of the RS design that would enable the different types of interference measurements and feedback.
2 Types of Cross Link Interference in NR
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Figure 1 Type of Cross Link Interference in NR

In Figure 1 we show the different types of Cross Link Interference (CLI) that we observe in NR apart from the gNB to UE CLI we also have UE to UE CLI and the gNB to gNB CLI. Features such as dynamic TDD and IAB can potentially introduce such gNB to gNB and UE to UE CLI since different nodes might use different subframe structure. We believe that transmit and receive beamforming at gNB and UE can minimize CLI in NR, but in order to do so some form of interference measurements will be needed. 

It should be noted that CLI such as gNB to UE can be measured without any frame structure constraints, i.e. for any frame structure it is possible to measure these CLI. However CLI such as UE to UE and gNB to gNB cannot be measured without some constraints on the frame structure. For example if every subframe is using the same frame structure (i.e. same DL UL ratio) then UE to UE CLI and gNB to gNB CLI cannot be measured as long as both gNB and UE are half duplex. This is because when a UE is in receive mode, every other UE will also be in receive mode therefore UE to UE CLI cannot be measured since the interfering UE which is also in receive mode and it cannot simultaneously transmit due to the half-duplex constraints. Similarly the gNB to gNB CLI cannot be measured without some kind of special constraints on the subframe. Therefore for the purposes of interference measurements we should define the following categories of CLI measurements:
· Unconstrained CLI measurements: These are the CLI measurements that can be performed without any special constraints on the frame structure (e.g. measurement gaps) while preserving the half-duplex constraints of the gNB and UE. The gNB to UE and UE to gNB CLI are examples of such unconstrained CLI measurements. 

· Constrained CLI measurements: These are the CLI measurements that require some form of special frame structure constraint to perform while preserving the half-duplex constraints. gNB to gNB and UE to UE CLI are examples of such constrained CLI measurements. 
One additional point to note here is that gNB to gNB CLI and UE to UE CLI are important even without side-link. For example in the case of dynamic TDD or IAB the network will experience these CLI and it would important to measure such CLI even though they impose on the subframe structure and may require special measurement instances. 
Figure 1 also illustrates that if certain degree of symmetry is preserved between the UL and DL CLI measurements (e.g. RS design, measurement content etc) then peer to peer CLI measurement can be accommodated within the same structure. 
Observation: NR will experience both constrained and unconstrained types of CLI and it is critical to design the system that is capable of measuring both these types of CLI while preserving the half-duplex constraint at each node. 
Proposal 1: RAN 1 should study CLI measurement framework for features including dynamic TDD, IAB and MIMO, etc..
Proposal 2: RAN1 should study both constrained and unconstrained CLI measurement types for NR and their feasibility and benefits.
Proposal 3: For the purposes of CLI measurement NR should strive to achieve a common framework in DL and UL. This includes but is not limited to using the same/similar RS design, same/similar information content of CLI measurements etc. 
3 CLI Measurement Details
Any kind of measurement whether CSI or CLI in a multi-antenna mobile system has several dimensions. These are seen in the case of CSI measurements and we propose to have a similar approach to CLI measurements as well. The measurement dimensions for CLI that should be considered are:
1. Long Term vs Short Term: Long term and short term CLI serve very different purpose. One could say that long term CLI measurements are already agreed upon, e.g. RSRP measurements of non-serving TRP could be considered as a long term CLI measurements. Such long term measurements are useful for things such as handover, RRC configuration (e.g. CoMP set configuration, SCell configuration etc). In the case of NR these long term measurements could be used for other features as well such as cluster adaptation of DL: UL ratios Short term CLI on the other hand can be useful for things such as link adaptation, dynamic TDD frame structure setting etc. 
2. Multi-Antenna vs Single Antenna: Both multi-antenna and single antenna measurements have their values. Single antenna CLI measurements are easier to perform and consume fewer resources compared to multi-antenna CLI. However on the other hand multi-antenna CLI can allow for features such as coordinated beamforming and allow for dynamic TDD by spatially isolating the links that would otherwise interfere. 
3. Wideband vs Narrowband: Just like CSI measurements CLI measurements could be both narrowband as well as wideband. In the case of NR the system bandwidths can be very very large so it is quite likely that interference coupling between two nodes can be different in different parts of the system bandwidth. 
Based on this we would propose to divide the various CLI measurements into the categories shown in Table 1. 

	Category
	Priority
	Measurement Type
	Measurement Content
	Notes

	Category 1
	High
	Long term
Single antenna port

Wideband
	Example: RSRP, load, differential AOA
	Can be used for RRM/RRC related procedures. Also one could say that such measurements are already included to some extent since some form of basic long term RSRP measurements is already agreed upon for NR

	Category 2
	High
	Short term
Single antenna port 

Wideband
	Example: short term RSRP, short term load, CQI delta, beam ID
	Can be used for features such as fast link adaptation, coordinated scheduling and dynamic TDD, IAB 

	Category 3
	Medium
	Short term

Multiple antenna port 

Wideband
	Example: short term RSRP, short term load, CQI delta, beam ID, precoder*
	Can be used for features such as fast link adaptation, coordinated scheduling with coordinated beamforming and dynamic TDD, IAB

	Category 4
	Low
	Short term

Multiple antenna port 

Sub-band
	Example: short term RSRP, short term load, CQI delta, beam ID, precoder*
	


Table 1 Categories and Priorities of Various Types of CLI Measurements
*Note: In the context of precoder ID and beam ID, for the purposes of CLI, the indication could be the choice of beam and/or the choice of precoder that minimizes the cross link interference
Proposal 4: Define different categories of CLI measurements based on categories such as long term vs short term, single antenna port vs multi-antenna port etc.
4 RS Design for CLI and Load Measurement

Apart from signal strength, system load is a key parameter that determines whether two nodes are tightly coupled by CLI or not. So for example a gNB and UE might have a very strong channel between the two, but if the load is minimal then the impact of the CLI is very small. Traditionally systems such as LTE have depended on sharing the load between the base stations via the backhaul network. However this poses a few limitations. First of all if the backhaul delays are high then there is delay in exchanging the load information. Also the backhaul exists only between the base stations and such a sharing of load information between the UEs is almost impossible. Therefore we propose a design of the RS (reference signal) CLI measurements that allows for load measurements as well.  

The basic idea is to use a power scaling of the RS as a function of the load on the transmitter. So the transmitter transmits the RS which is measured by the receiver to measure the CLI. Since the power of the RS depends on the load, such a design inherently captures the effect of load on the CLI measurements. Therefore the transmitted CLI-RS is given by 
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Where 
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is the unscaled version of the CLI-RS (shown as a vector to capture the fact that CLI-RS might actually be multi-antenna CLI-RS) and n and m are the symbol and subcarrier index respectively. Also in (4-1)  is the system load in terms of resource occupancy or power utilization. Since CLI is about interference measurement we think that power utilization is a better indicator of load but resource utilization could serve as a good load indicator as well. The function f can be any generic function and perhaps the most common function would be a square root function thereby making the interference power measured by the receiver proportional to the load, however other function for f can also be explored and this could indeed be an optimization aspect of the design. 

The received signal at the receiver measuring the CLI is given by: 
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The per-antenna received power at the receiver is therefore given by: 
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Thus the measured interference power per antenna includes the load information. Albeit it should be noted that in our proposal power is only one form of CLI measurement and in fact more accurate information theory centric CLI measurements can also be made. This is outlined in more details in the next section. 

Observation: In certain situations and scenarios it is beneficial to allow for load based measurement over the air, instead of using the backhaul network for exchange of load based information.

Proposal 5: RAN1 should design the CLI measurement framework and RS to enable load measurements over the air. 

5 Components of CLI Measurement

One important aspect of all of this is what the CLI measurement actually consists of, in terms of its content. Is CLI simply indicated by the measured power or are there more sophisticated measurement metrics provided in the CLI. So far for CLI measurements we have included the following quantities
· Power measurement: Measurement of the total interference power is perhaps the most fundamental of the CLI measurements. One of the benefits of power measurements is that it is simple to make and it can be a long term measurement (to average out the fading) or a short term measurement. 

· Differential AOA measurement: Long term channel AOA stats can potentially help identify links that can be mutual uncoupled due to beamforming at the transmitter and the receiver. Since the analog (RF) domain is determined by long term stats such as AOA, having AOA related information could be useful. Since the AOA computation is related to the UE antenna array plane which can be oriented randomly, having an AOA of the interfering link relative to the AOA of the best server, differential AOA, is a better choice. 

· Load measurement: Apart from coupling, load on the transmitter is another critical entity that determine the effective CLI. Two nodes might have a very small coupling loss but if the load on the transmitter is minimal then the net interference observed by the receiver will be minimal, which is why along with power, we consider load to be the most fundamental measurement entity, and like power this can be long term or short term. One of our key ideas is to use power scaling of the CLI RS to implicitly indicate the load on the link. 

· Multi-Antenna Measurements: 5G systems are inherently based on massive MIMO systems implying that both transmitter and receiver have large degrees of freedom for controlling the spatial signature of the transmitted and received signals. This is important since two nodes might be tightly coupled with high CLI but with transmit and receive beamforming it is possible to isolate the two. This is why multi-antenna processing related information ought to be contained in the CLI measurements as well. This can be in the form of indicating the best beam Id or precoder for minimizing/maximizing the CLI.

Proposal 6: RAN1 should study the various components of the CLI measurements such as load, RSRP, beam ID, differential AOA, differential CQI etc, for the various categories of CLI measurements.
5.1 Differential CQI Degradation in CLI

The key purpose (although not the only purpose) of CLI is to indicate how much a given receiver’s signal link is degraded by the presence of the CLI from other transmitter. So in the context of Figure 1, this would mean that CLI (shown by black arrows) is mainly used to gauge the degradation in the signal (shown by green links). This degradation is not implicitly indicated by any of the parameters presented in the previous section, i.e. power, load, best/worst beam/precoder information. This is because none of these measurements actually indicate how strong the CLI is relative to the signal itself. So for example a given receiver might experience high CLI from an interfering transmitter, but the impact to its signal might be minimal if the serving link is much stronger than the interference link. 

Therefore we propose to have a differential CQI included in the CLI which is essentially a quantized difference between the quality of the serving link with and without the CLI: 
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In the above equation 
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 is the channel matrix of the serving link, 
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are the channel matrix from interfering links and 
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is the channel matrix of the link whose CLI is being measured.
6 Summary 

In this document we have presented a very ground up approach to the subject of CLI measurements in NR. We have shown that there are some CLI measurements that can be made without any subframe design constraints whereas there are some CLI measurements that require special subframe design in order to preserve the half-duplex constraint at each node. We also took a very systematic approach to the different categories and CLI measurements depending aspects such as measurement interval, number of antenna ports, information content etc., and proposed a set of priorities for RAN1 to consider. 

In conclusion the following observations and proposals were made: 

Observation: NR will experience both constrained and unconstrained types of CLI and it is critical to design the system that is capable of measuring both these types of CLI while preserving the half-duplex constraint at each node. 

Observation: In certain situations and scenarios it is beneficial to allow for load based measurement over the air, instead of using the backhaul network for exchange of load based information.
Proposal 1: RAN 1 should study CLI measurement framework for features including dynamic TDD, IAB and MIMO, etc..
Proposal 2: RAN1 should study both constrained and unconstrained CLI measurement types for NR and their feasibility and benefits.

Proposal 3: For the purposes of CLI measurement NR should strive to achieve a common framework in DL and UL. This includes but is not limited to using the same/similar RS design, same/similar information content of CLI measurements etc. 

Proposal 4: Define different categories of CLI measurements based on categories such as ling term vs short term, single antenna port vs multi-antenna port etc.

Proposal5: RAN1 should design the CLI measurement framework and RS to enable load measurements over the air. 

Proposal 6: RAN1 should study the various components of the CLI measurements such as load, RSRP, beam ID, differential AOA, differential CQI, etc, for the various categories of CLI measurements.
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