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Introduction
During the Rel-14 NR SI and subsequent Rel-15 WI, flexible duplexing in general and dynamic TDD in particular was studied, and Rel-15 NR supports flexible frame structure which enables both semi-static and dynamic TDD operation. In the context of both dynamic TDD as well as semi-static TDD with misaligned TDD configurations between neighbouring cells, cross-link interference (CLI) can occur. How to mitigate or avoid such CLI was studied in previous releases and various schemes was enumerated in [2]. Certain CLI mitigation schemes require UE-side CLI measurements as input and the introduction of such measurements was also discussed in Rel-15. However, the work on flexible duplex and CLI measurements was downprioritized by the RAN plenary in 2017 and scoped out of the NR WI.
At RAN#80, a WI on CLI and RIM was approved. Furthermore, at, RAN#82, the WID [1] was updated and contain the following objectives:
The detailed objectives for cross-link interference mitigation to support flexible resource adaptation for unpaired NR cells are: 
· Specify cross-link interference measurements and reporting at a UE (e.g., CLI-RSSI and/or CLI-RSRP) [RAN1, RAN2, RAN4] 
· Specify network coordination mechanism(s) including at least exchange of intended DL/UL configuration [RAN1, RAN3]
· Perform coexistence study to identify conditions of coexistence among different operators in adjacent channels [RAN4]
· Target no or very minimal impact on RF requirement
Note: Measurement and coordination mechanisms should be applicable to IAB nodes. 
In this paper, we discuss solutions for UE-side cross-link interference measurement and reporting.
We note that although some agreements on CLI was made in the Rel-15 work prior to the downprioritization, these do not restrict the Rel-16 work which starts from a “clean slate”. 
[bookmark: _Toc534997502]Any agreements reached on CLI measurements in the downprioritized 2017 work was made in context to an under-developed NR standard. Therefore, these agreements do should not carry through to Rel-16 and should be used as a starting point for discussion only.
Use case for CLI measurement and reporting
Cross-link interference (CLI) occurs when the transmission directions of neighbouring cells in the network are not aligned, either due to the neighbouring cells applying different semi-static TDD patterns or due to the use of dynamic TDD in at least one of the neighbouring cells. For example, Cell A may be scheduling UL while Cell B is scheduling DL, which causes the UL transmissions of UE(s) in Cell A to interfere with the DL reception of UE(s) in Cell B (so called UE-to-UE interference). In addition, the UL reception of TRP A is interfered by the DL transmission of TRP B (so called TRP-to-TRP interference). This is illustrated in Figure 1 below. Such cross-link interference (UE-to-UE interference or TRP-to-TRP interference) can potentially be significantly larger than that the conventional inter-cell (TRP-to-UE or UE-to-TRP) interference, which risks deteriorating the network performance. 
[image: ]
[bookmark: _Ref534369031]Figure 1: Illustration of cross-link interference

The higher interference level can be due to the following reasons:
1. A larger transmission power is applied by the interfering node than by the intended transmitting node
2. A more directive antenna pattern, which is also directed at the receiving node, is used by the interfering node than what would have been used by the intended transmitting node
3. The path loss between the receiving node and the interfering node is lower than the path loss between the receiving node and the intended transmitting node
Typically, a TRP will employ a larger Tx power than a UE, and in a macro deployment the difference is typically around 20dB. This implies that TRP-to-TRP interference can be detrimental in such a scenario, which is why static TDD is typically utilized for macro deployments. However, in a small cell scenario, where dynamic TDD is more useful, the UE and TRP Tx power levels are typically more aligned. Thus, difference in Tx power level can be a reason for the higher interference level caused by TRP-to-TRP interference compared to UE-to-TRP interference but is not the reason for a potentially increased interference level of UE-to-UE interference compared to TRP-to-UE interference since the UE Tx power is typically lower or on par with the TRP Tx power.
Similarly, the beamforming capabilities is typically much larger at the TRP than at the UE, which typically is only able to transmit in an omni-directional fashion or using a few Tx chains, at least for FR1, whereas the TRP typically has many Tx chains and employs dynamic high-gain beamforming. In FR2, the UE may also capable of (analogue) beamforming and may be equipped with several antenna panels where the combination of antenna panel switching and beam switching results in a more directive and varying antenna pattern, however the beamforming capabilities is generally larger for the TRP in FR2 as well. Furthermore, the average interference level is typically not increased with improved beamforming capability if the precoder selection is distributed sufficiently equal. This is because even though the interference level is increased (compared to an isotropic antenna) with the beamforming gain if the receiving node is hit by the main lobe of the beam, the interference level is reduced (compared to an isotropic antenna) if the beam is directed away from the receiving node. Thus, it is not clear that difference in beamforming capabilities is a contributing factor to the potentially detrimental impact of CLI, at least in an average sense.
The most significant factor is thus, at least for UE-to-UE interference, the difference in path loss between the cross- and downlink directions. In the downlink direction, the UE is connected to the cell from which it experiences the lowest path loss among the set of neighbouring cells. Thus, any TRP-to-UE interference link should typically be lower than the link from the serving TRP to the UE. However, in the UE-to-UE interference case, some neighbouring cell aggressor UEs, at least for victim UEs on the cell edge, may be located in very close proximity to the victim UE (i.e. “near-far” effect). Therefore, the link between victim UE and aggressor UE may be much stronger than the corresponding TRP-to-UE interference link and even much stronger than the link between the victim UE and its serving TRP(the difference in path loss would also have to overcome the difference in TRP/UE Tx power). Note that this is typically only true for some neighbouring cell UEs. For most aggressor-victim UE combinations, the UE-to-UE interference will be lower than the corresponding TRP-to-UE interference and it is likely that many UE’s will not have any issues with CLI.
[bookmark: _Toc534997503]UE-to-UE interference can potentially be detrimental for a victim UE if some neighbouring aggressor UEs are in close proximity to the victim UE, due to near-far effect
As stated earlier, the purpose of conducting UE-to-UE CLI measurements is to aid the TRP in applying a CLI mitigation scheme. The CLI mitigation schemes that can be aided by this in our understanding are based on either interference avoidance or improved link adaptation. The interference avoidance-based techniques, can either operate on a cell/slot-level or on a UE-level (or as an intermediary, UE-group level) each of which require different amount of coordination between neighbouring TRPs. As only some victim-aggressor UE combinations will cause a substantially deteriorated interference level, it could be beneficial to map out the “UE-to-UE topology” between the neighbouring cells, to determine which UE-to-UE links are strong and thus should not be scheduled simultaneously and correspondingly which are weak and could be scheduled simultaneously. An example of this is illustrated in Figure 2, where the “weak” UE-to-UE links are illustrated with blue arrows and the “strong” UE-to-UE links are illustrated with red arrows. 
However, mapping out such a topology require a substantial measurement effort. Measurement resources need to be coordinated between all neighbouring cells and each UE needs to be configured to measure on reference signals transmitted by all neighbouring UEs, which could possibly amount to up to hundreds of CLI measurements (per measurement round). This is very costly both in terms of configuration signalling and measurement execution. Due to mobility of both the potential aggressor and the victim UEs, the life span of such UE-to-UE measurement is not expected to be very long either, resulting in significant overhead as resources for measurement have to be reserved and not use for PDSCH/PUSCH (note that even if e.g. SRS transmissions for other purposes can be re-used for CLI measurement, this only omits incurring additional overhead at the transmitter and not at the receiver as PDSCH cannot be received on the measurement resources). However, for static scenarios such as fixed wireless access (FWA), UE-level measurements may be feasible. 
Furthermore, and perhaps more importantly, in order to utilize such UE-level CLI measurements, essentially a joint scheduler has to be applied for a cluster of neighbouring TRPs as the scheduling decisions of which victim-aggressor UE combinations to avoid need to be taken jointly among the neighbouring TRPs. Thus, to effectively utilize UE-level CLI measurements require a coordination scheme with a very high implementation complexity and it is not clear how large the benefit of such a scheme is. In our companion contribution [3], we present evaluation results showing that the potential performance gain for CLI mitigation schemes enabled by UE-level CLI measurements are limited.
[bookmark: _Toc534997504]UE-level CLI measurement is associated with a large signalling overhead and a high measurement complexity, and it requires a complex joint scheduler implementation to be effectively utilized
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[bookmark: _Ref534378183]Figure 2: Illustration of UE-to-UE topology. Links A2-B2 and A2-B1 correspond to high CLI level while remaining links correspond to low CLI level.
[bookmark: _Hlk534381365]On the other hand, cell/slot-level interference avoidance schemes require a less complex implementation. In these type of schemes, UE-level differentiation is not needed, and it is enough to determine that a victim UE is impacted by CLI from some neighbouring UEs. For instance, the TRP may know that only some slots in a frame structure may be susceptible to CLI and may choose to not schedule the CLI-impacted UEs in these slots. Due to different TDD patterns in the adjacent cells, different slots may be susceptible to different levels of CLI and a victim UE could thus measure the interference level in different slots within the frame structure. This will give the TRP information of which slots to avoid scheduling a certain UE in. In contrast to UE-level interference avoidance, cell/slot-level interference avoidance require little measurement resources, and it can be implemented locally at the TRP without the need for coordinating scheduling decisions between its neighbours. Furthermore, it may not be necessary to coordinate reference signal transmissions from UEs in neighbouring cells, it may simply be enough to perform energy measurements of the aggregated interference in a slot, e.g. capturing actual PUSCH transmissions.
[bookmark: _Toc534997505]Cell/slot-level interference avoidance schemes does not require joint scheduling and requires only a small amount of measurement resources
The other type of CLI mitigation mechanism that may be enabled by UE-to-UE CLI measurements is improved link adaptation. That is, if the increased interference level due to CLI is not substantially larger than the conventional inter-cell interference level and if it is furthermore known, the UE can still be scheduled on the resource experiencing CLI but with an appropriate MCS. Similar to interference avoidance schemes, the granularity of these type of schemes can also be on UE-level or cell/slot-level.
[bookmark: _Toc534997506]It can be beneficial if the UE-to-UE CLI measurements enable improved link adaptation
As CLI may not only originate from neighbouring co-channel UEs but also from UEs operating on another operator’s network on an adjacent channel, it would thus be beneficial if adjacent channel interference can be captured by the CLI measurements. This can either be achieved by explicitly performing an inter-frequency measurement on the adjacent carrier, or by assuring that the CLI measurements are of such a sort that they can capture the adjacent channel leakage energy.
[bookmark: _Toc534997507]It can be beneficial if adjacent channel CLI can be captured by the UE-to-UE CLI measurements  
Based on the discussion above, we propose to focus the work in this WI to introduce CLI measurements which enable cell/slot-level CLI rather than UE-level measurements, especially due to the limited TU allocation for this WI.
[bookmark: _Toc534997516]Focus on introducing CLI measurements which enable cell/slot-level CLI mitigation schemes
Discussion on different types of UE-to-UE CLI measurement
On a high-level, a CLI measurement requires two things to be defined: an interference measurement resource (IMR) and a measurement quantity. The IMR indicates which time and frequency resources are to be used for the measurement and, if the measurement is RS-based rather than energy-based, also the reference signal sequence. The measurement quantity can either be based solely on the measurement itself (e.g. “the linear average of the received power in the IMR” expressed in dBm) or, it can relate to another measurement such as a channel measurement on a channel measurement resource (CMR) (for instance SINR or CQI type of measurement). 
In fact, the already existing CQI measurements is a suitable baseline for any new UE-to-UE CLI measurements. The existing CQI measurements are based on an IMR called the CSI-IM which can either occupy a 4x1 or 2x2 RE pattern flexibly placed within a slot. The time-domain behaviour of the CSI-IM is either periodic or aperiodic (or semi-persistent) and can be used with either periodic or aperiodic (or semi-persistent) CQI report. Based on configuring different CQI reports with the same CMR but with corresponding periodic CSI-IM resources in different slots/symbols, or by triggering aperiodic CQI report with aperiodic CSI-IM in different slots/symbols, CQI reports corresponding to different UE-to-UE CLI hypotheses can be obtained. 
[bookmark: _Toc534997508]Existing CQI report is a form of cell/slot-level UE-to-UE CLI measurement and should be considered the baseline scheme for any enhancement proposal
In previous discussions on CLI measurements, RSSI measurements and SRS-based RSRP measurements were considered and are mentioned as examples in the WI objective. These can be considered candidates for the to-be introduced CLI measurements. In addition, we also consider enhanced “multi-IMR” CQI measurements as a candidate scheme. The pros and cons of the different candidates are discussed in the following. In our understanding, multi-IMR CQI measurements targets cell/slot-level measurement granularity while RSRP measurements target UE-level measurement granularity. RSSI measurements can be either cell/slot-level or UE-level depending on the measurement resource definition.
Multi-IMR CQI measurement
While the existing CQI measurements can capture different UE-to-UE interference hypotheses by the triggering or configuration of CSI/CQI reports with their respective CSI-IM in different slots, the flexibility is limited in Rel-15. This is due to that only a single CQI value (per codeword) is included in the CSI report and so the CSI report can only capture a single UE-to-UE interference hypothesis. If CSI corresponding to more interference hypotheses is desired, multiple CSI reports need to be obtained. This is problematic for the following reasons. First of all, the number of different CSI reports a UE can be configured with is limited by the UE capability which only allows up to 4 different CSI Report Settings per time-domain behaviour (corresponding to up to 4 different evaluated interference hypothesis), which may be too limiting for Rel-16. Second, utilizing multiple independent reports is wasteful both in terms of UCI overhead as well as the associated cost of triggering and/or configuring multiple CSI reports. As we are only interested in determining the difference in terms of interference level for the different UE-to-UE interference hypotheses, it is only necessary to compare the CQI across the different reports, i.e. the other CSI content, such as in particular the payload heavy PMI, is expected to stay the same for the different reports and hence it is wasteful to repeat the PMI payload in each CSI report.
[bookmark: _Toc534997509]Utilizing multiple Rel-15 CQI reports for UE-to-UE interference measurements suffers from CSI payload repetition and limited UE capability in supported number of configured CSI Report Settings
A simple enhancement to overcome these limitations in Rel-16 can be to introduce a “multi-IMR CQI” report quantity, which associates multiple CSI-IM resources (IMRs) with each NZP CSI-RS resource for channel measurement (CMR) and wherein the UE reports a separate CQI for each IMR.
Consider the example illustrated in Figure 3, where three neighbouring cells (Cell A, Cell B and Cell C) have different instantaneous UL/DL configurations due to dynamic TDD operation. Each slot thus experiences different CLI characteristics. A UE which is served by cell A can then be configured with a multi-IMR CQI report with three different IMRs, placed in slots 3, 5 and 6 respectively (corresponding to the different possible CLI “states” of the neighbouring cells). The UE is however only configured with a single CMR. For the CSI report, the UE determines a single PMI/RI, but a separate CQI for each configured IMR (and CW). The serving gNB can then, based on the reported CQI values, determine to only schedule the UE in some of the slots which experiences a favourable CLI situation and can furthermore directly apply the corresponding reported CQI for link adaptation in the scheduled slot.  As RI can be dependent on the interference level, the single set of reported RI/PMI can be conditioned on a reference CSI-IM resource, such as the first resource or the resource indicated by CRI. 


[image: ]
[bookmark: _Ref534628513]Figure 3: Illustration of multiple IMRs placed slots which experience different levels of CLI
Thus, the enhanced multi-IMR CQI report enables cell/slot-level interference avoidance CLI mitigation schemes as well as improved link adaptation. The spec impact is low, since the UE can already be configured with a set of CSI-IM resources for interference measurement in the Resource Setting associated with a CSI Report Setting. As the reported CQI values can be used directly for link adaptation, multi-IMR CQI has an edge over (cell/slot-level) RSSI measurements which require another mechanism to correct the link adaptation, therefore multi-IMR CQI is preferred for cell/slot-level measurement granularity from this aspect. 
[bookmark: _Toc534997510]A simple enhanced multi-IMR CQI report can enable cell/slot-level CLI interference measurements with very limited spec impact.

[bookmark: _Toc534997517]
· To enable cell/slot-level CLI mitigation schemes, introduce a new “multi-IMR CQI” CSI report quantity:
· A CSI Report Setting is linked with a Resource Setting for IM containing a CSI-IM resource set with N resources
· A CSI Report Setting is linked with a Resource Setting for CM containing a NZP CSI-RS resource set with a single CSI-RS resource
· A single PMI/RI is calculated conditioned on the single CSI-RS resource and a reference CSI-IM resource
· A set of N CQIs are calculated, with each CQI corresponding to its associated CSI-IM resource
However, RSSI measurement have the advantage that they require very low complexity to perform for the UE compared to CQI measurements which require calculating an inverse as part of SINR calculation. RSSI measurement could also be used for instance to measure adjacent channel interference. There is also a precedent for utilizing these simple kinds of measurements for instance in LAA in order to discover hidden nodes, which is to some degree a similar problem as probing for CLI. Therefore, it can be considered to additionally support RSSI for adjacent channel measurement (i.e. inter-frequency). Such a report does not need to be very dynamic and can be carried as an RRC measurement report.
[bookmark: _Toc534997518]Cell-level RSSI measurement for adjacent channel measurement with the report carried on L3 can additionally be considered

RSSI and RSRP measurements for UE-level differentiation
If UE-level differentiation of CLI measurement is required in addition to cell/slot-level measurement granularity, RSSI or RSRP measurements can be considered. However as reasoned in Section 2, it is not clear what the utility of such measurements are considering the complex joint scheduling operation and massive measurement complexity required. In our view, the benefit CLI mitigation schemes based on measurements with UE-level differentiation, taking into account the implementation complexity and measurement overhead, needs to be proven with proper evaluations before such measurements can be agreed to be introduced.
[bookmark: _Toc534997519]Decide if CLI measurements with UE-level differentiation is needed based on evaluations of realistic performance of UE-level granularity CLI mitigation schemes, taking into account implementation complexity and measurement overhead
If such measurements are deemed to be needed, as stated, SRS-RSRP measurements and RSSI measurements can be considered. An RSSI measurement is essentially a power measurement and therefor require little signal processing and no information about the signal to be measured. This means the complexity is reduced compared to an RSRP measurement, since the UE does not have to perform correlation with the transmitted SRS sequences but can merely calculate the received power in the REs of the measurement resource. It also means that the RSSI measurement is more general, it is able to capture interference from regular PUSCH transmission and not only a specific RS, moreover it can capture aggregated interference from multiple UEs and even adjacent channel interference, which may be desirable.  
[bookmark: _Toc534997511]RSSI measurements are more general than RSRP measurements and can capture both SRS and PUSCH interference as well as adjacent channel interference
The signalling load for configuring the measurement also needs to be considered. RSRP measurements require detailed information about the transmitted SRSs a UE should measure upon, such as number of symbols, comb structure and sequence used, to be sent from the gNB to the UE. Further, this information also has to be exchanged between TRPs to allow the UE to make measurements on signals from other cells. In contrast, RSSI measurements only require information about when to measure to be sent between the UE and the gNB, which may be more compactly signalled.
[bookmark: _Toc534997512]RSRP measurements require significantly more communication between gNB and UE, as well as between TRPs, compared to RSSI measurements
RSRP measurements offers two advantages over RSSI measurements. Firstly, RSRP measurements are more accurate than RSSI measurements as processing gain is attained from the correlation with the conjugate of the transmitted sequence. However, in our understanding, precisely determining the interference level is not needed in order to perform CLI mitigation, as the TRP only needs to know if a victim-aggressor UE combination results in a very large CLI level or not. Secondly, RSRP measurements are able to resolve different sequences transmitted on the same time-frequency resource elements but separated with CDM (such as SRS sequences with different cyclic shifts) whereas RSSI measurements cannot. This implies that RSRP measurements could potentially improve the measurement capacity, however, separating UE’s SRS transmissions on different comb offsets, subbands and time occasions should provide sufficient capacity as wideband measurement are likely not required.
[bookmark: _Toc534997513]The benefits of higher measurement accuracy and ability to resolve CDMed sequences provided by RSRP over RSSI measurements are not necessary for CLI mitigation purpose
SRS-RSRP measurements further have other issues that need to be resolved. In order to accurately measure RSRP, the transmitter and receiver need to be sufficiently synchronized. As the TA of the UE transmitting SRS is aligned to the uplink frame of its serving cell, and not a potential victim UEs DL frame timing, the TA of the SRS transmission for CLI measurement purpose needs to be adjusted which may not be feasible. On the other hand, being a bit off in the frame timing when performing RSSI measurements is not detrimental. 
[bookmark: _Toc534997514]RSRP measurements require SRS TA adjustment
Based on this discussion, we propose that if after proper evaluation, it is determined that CLI measurement for UE-level differentiation is needed, RSSI measurements are adopted and RSRP measurements are not supported. Note that an RSSI measurement resource that spans only a subset of REs in frequency domain can be defined, in order to match SRS transmission RE pattern, e.g. defined by subband measurement bandwidth and comb size and offset. 
[bookmark: _Toc534997515]An RSSI measurement resource in frequency domain spanning a subband measurement bandwidth and comb size and offset could be defined to enable UE-level differentiation
Another issue is how to report the RSSI measurements, if introduced. Two options can be considered, either to have the measurements reported on L1, in which case they could be a new type of CSI report and the CSI framework mechanism can be reused, or, L3 reporting can be considered where the RSSI measurements are reported similar to mobility measurement reports which could be either periodic or event-driven. As both victim UEs and aggressor UEs typically move around in the cell, it is not clear that L3 type of report is fast enough. Therefore, L1 reporting is preferred.
[bookmark: _Toc534997520]If UE-level differentiation for CLI measurements is needed, consider RSSI based report with frequency domain measurement resource defined using subband measurement bandwidth, comb-size and comb offset, reported on L1 as a type of CSI report


























Conclusion 
In this contribution we have discussed UE-to-UE CLI measurements.

Observation 1	Any agreements reached on CLI measurements in the downprioritized 2017 work was made in context to an under-developed NR standard. Therefore, these agreements do should not carry through to Rel-16 and should be used as a starting point for discussion only.
Observation 2	UE-to-UE interference can potentially be detrimental for a victim UE if some neighbouring aggressor UEs are in close proximity to the victim UE, due to near-far effect
Observation 3	UE-level CLI measurement is associated with a large signalling overhead and a high measurement complexity, and it requires a complex joint scheduler implementation to be effectively utilized
Observation 4	Cell/slot-level interference avoidance schemes does not require joint scheduling and requires only a small amount of measurement resources
Observation 5	It can be beneficial if the UE-to-UE CLI measurements enable improved link adaptation
Observation 6	It can be beneficial if adjacent channel CLI can be captured by the UE-to-UE CLI measurements
Observation 7	Existing CQI report is a form of cell/slot-level UE-to-UE CLI measurement and should be considered the baseline scheme for any enhancement proposal
Observation 8	Utilizing multiple Rel-15 CQI reports for UE-to-UE interference measurements suffers from CSI payload repetition and limited UE capability in supported number of configured CSI Report Settings
Observation 9	A simple enhanced multi-IMR CQI report can enable cell/slot-level CLI interference measurements with very limited spec impact.
Observation 10	RSSI measurements are more general than RSRP measurements and can capture both SRS and PUSCH interference as well as adjacent channel interference
Observation 11	RSRP measurements require significantly more communication between gNB and UE, as well as between TRPs, compared to RSSI measurements
Observation 12	The benefits of higher measurement accuracy and ability to resolve CDMed sequences provided by RSRP over RSSI measurements are not necessary for CLI mitigation purpose
Observation 13	RSRP measurements require SRS TA adjustment
Observation 14	An RSSI measurement resource in frequency domain spanning a subband measurement bandwidth and comb size and offset could be defined to enable UE-level differentiation

Proposal 1	Focus on introducing CLI measurements which enable cell/slot-level CLI mitigation schemes
Proposal 2
· To enable cell/slot-level CLI mitigation schemes, introduce a new “multi-IMR CQI” CSI report quantity:
· A CSI Report Setting is linked with a Resource Setting for IM containing a CSI-IM resource set with N resources
· A CSI Report Setting is linked with a Resource Setting for CM containing a NZP CSI-RS resource set with a single CSI-RS resource
· A single PMI/RI is calculated conditioned on the single CSI-RS resource and a reference CSI-IM resource
· A set of N CQIs are calculated, with each CQI corresponding to its associated CSI-IM resource
[bookmark: _GoBack]
Proposal 3	Cell-level RSSI measurement for adjacent channel measurement with the report carried on L3 can additionally be considered
Proposal 4	Decide if CLI measurements with UE-level differentiation is needed based on evaluations of realistic performance of UE-level granularity CLI mitigation schemes, taking into account implementation complexity and measurement overhead
Proposal 5	If UE-level differentiation for CLI measurements is needed, consider RSSI based report with frequency domain measurement resource defined using subband measurement bandwidth, comb-size and comb offset, reported on L1 as a type of CSI report
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