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1	Introduction
In the WID, the following objectives were defined and yellow-highlighted are specifically pertinent to Cross-Link Interference (CLI) handling mechanisms for Duplex Evolution. RP-234035[2]:
· Followings are assumed based on TR 38.858
· SBFD at the gNB side
· Half duplex operation at the UE side
· FR1 and FR2-1
· SBFD operation Option 4, i.e., both time and frequency locations of subbands for SBFD operation are known to SBFD aware UEs
· Coexistence between non-SBFD aware UEs (including legacy UEs) and SBFD aware UEs in the cell operating SBFD at gNB side
· SBFD scheme within a single configured DL and UL BWP pair with aligned center frequencies
· One UL subband for SBFD operation in an SBFD symbol (excluding legacy UL symbol/slot) within a TDD carrier
· Mechanisms for SBFD operation shall also consider the adjacent channel coexistence between two operators
· Specify enhancements for CLI handling [RAN1, RAN2, RAN3]:
· Support gNB-to-gNB co-channel CLI handling scheme(s) (the detailed schemes are to be down-selected from those in TR38.858 by RAN1#117)
· Support UE-to-UE co-channel CLI handling scheme(s) (the detailed schemes are to be down-selected from those in TR38.858 by RAN1#117) 
· Note: Without dedicated optimization for dynamic/flexible TDD. 




The following observations can be made from the objectives –
· CLI handling mechanisms from the TR 38.858 is used as a baseline for discussions during the WI.
· Although the WID states “CLI handling”, it is limited to co-channel CLI and does not consider adjacent channel CLI due to another operator.
· There is a need to down select the CLI schemes from the TR 38.858 by RAN1 #117.
[bookmark: _Ref178064866][bookmark: _Hlk141042902]2	Inter-gNB CLI handling schemes 
2.1	Schemes in TR 38.858 
The following is a table of all the schemes for gNB-gNB CLI mitigation handling in the TR. All the schemes proposed for SBFD were also applicable to dynamic TDD and flexible TDD network deployments. Additionally, there are specific mechanisms that have been exclusively discussed for enhancing CLI mitigation in dynamic/flexible TDD deployments. 
[bookmark: _Ref159236871]Table 1: gNB-gNB CLI mitigation schemes for SBFD and dynamic/flexible TDD in TR 38.858
	Schemes
	Options
	Comments

	SBFD
	Tx Beam nulling
	Beam nulling based on steering vector
	Spec impact: define reference signals and procedures for gNB-gNB channel measurement and information exchange between gNBs of the CLI resource configuration and/or CLI measurement reports

	
	
	Beam nulling based on gNB-gNB channel measurement
	

	
	UL resource muting
	Non-transparent
	Spec impact: define non-transparent UL muting resource patterns including its time and frequency location (e.g. symbol-level and/or RB-level and/or RE-level) with potential impact on PUSCH resource mapping.

	
	
	Transparent
	

	Dynamic / Flexible TDD
	Coordinated scheduling for Time/frequency resources
	Time Domain Scheme using UL slot(s) aligned between gNBs
	Spec impact: No impact if UL slot is aligned between gNBs and /or potential exchange of information among gNBs on intended TDD UL-DL configuration.

	
	
	Frequency Domain Coordination Scheme
	Spec impact: Information exchange between gNBs of the locations of the frequency domain resources reserved for DL-only transmission or UL-only reception.


	
	Spatial domain coordination method
	· [bookmark: MCCQCTEMPBM_00001542]Recommended/restricted beams between gNBs
· [bookmark: MCCQCTEMPBM_00001543]Beam nulling between gNBs
· [bookmark: MCCQCTEMPBM_00001544]Beam pairing between gNBs

	Spec Impact: Exchange of beam related information among gNB(s) (e.g., victim gNB(s) and aggressor gNB(s))
· DL Tx beam information
· Reference signal resource ID (e.g., NZP-CSI-RS resource ID, SSB index)
· Preferred/non-preferred DL beams of the aggressor gNBs, based on the beam information exchanged between gNBs.

	
	DL Power control
	Power Control scheme based on gNB Tx Power Adjustment
	Spec impact: Xn signaling enhancements to support the handshake agreement between victim and aggressor gNB for the DL transmit power reduction, for example:
[bookmark: MCCQCTEMPBM_00001594]- Step 0: Measurements and identification of aggressor(s).
[bookmark: MCCQCTEMPBM_00001595]- Step 1: Indication of DL Tx power reduction by the victim gNB.
[bookmark: MCCQCTEMPBM_00001596]- Step 2: Confirmation by the aggressor gNB on whether it can accept the new DL Tx power conditions.


	
	UL Power control
	Power Control scheme based on UE Tx Power Adjustment
	Separate power control parameters in SBFD and non-SBFD symbols. Boosting UL power in slot with CLI to mitigate gNB-gNB interference impact. Need further study: could impact to other transmissions.
Spec impact: could require separate power control parameters in SBFD and non-SBFD symbols which is discussed in our companion contribution.



As previously mentioned, it's important to highlight that all the CLI mitigation techniques examined in the TR specifically only address co-channel CLI. These approaches implicitly assume that adjacent channel CLI is either negligible or perfectly mitigated, which might be true for in isolated single-operator SBFD network deployments. However, for most deployments, cochannel operations from different operator is a fact of life. Ignoring adjacent channel interference significantly hampers the potential benefits of co-channel CLI mitigation strategies for SBFD deployments.  Consequently, this imposes restrictions on the deployment scenarios where a notable gain can be expected. Moreover, the TR did not study adjacent channel CLI mitigation techniques, primarily due to the impracticality of addressing such issues in multi-operator scenarios without a comprehensive exchange of information between the involved operators. However, for holistic SBFD network performance enhancement, it's essential to address both co-channel and adjacent channel CLI, despite the practical challenges involved. 
The WID states that the mechanisms for SBFD operation shall also consider the adjacent channel coexistence between two operators. The adjacent channel operator could be a legacy operator that should be protected, or it can be an SBFD operator. In either case, the adjacent channel CLI needs to be managed. Furthermore, there could be BSs within the same operator that are still deploying legacy TDD networks and those needs to be protected as well. 
A viable solution, which was explored during the SI phase although for the dynamic/flexible TDD case was to consider a time domain scheme that involves aligning UL slots for cases involving multiple operators. This ensures that the legacy deployment does not have UL performance degradation and the interference impact is only to the new SBFD deployments. To embody this, the following was agreed in the WID : “One UL subband for SBFD operation in an SBFD symbol (excluding legacy UL symbol/slot) within a TDD carrier”. 
From the schemes discussed above, there are two pivotal points to consider for the mitigation schemes to work in principle.
· Configuring measurement resources/reference signals for gNB-gNB channel measurement, and 
· Exchange of information between gNBs.

[bookmark: _Toc159246271]Most schemes in TR 38.858 either require RAN3 signaling for inter-gNB information exchange of channel measurement, configuration of reference signals or both. 

[bookmark: _Toc159246272]For gNB-gNB CLI mitigation techniques, the potential specification impact in RAN1 is to define reference signals/measurement resources for gNB-gNB channel measurement and in RAN3 is the information exchange between gNBs (of the CLI resource configuration) and/or CLI measurement reports.
2.1.1	Resources configuration for gNB-gNB channel measurement 
The TR 38.858 discusses various techniques as presented in Table 1 for measuring the channel between gNBs in the context of SBFD and Dynamic TDD. These techniques differ in their requirements for resources or reference signals, which are essential for gNB-gNB channel measurement. It is worthy to note that, utilizing a dedicated reference signal specifically for gNB-gNB channel measurement can interfere with standard SBFD operations, potentially diminishing the performance benefits that SBFD aims to provide. Furthermore, the stability of the gNB-gNB channel and the required periodicity of channel measurements remain uncertain factors that were not discussed during the SI phase. These aspects are crucial because they influence the performance of the SBFD system. 
However, the methods proposed in TR 38.858 and the corresponding results does not fully account for realistic channel conditions since it only considers co-channel CLI and assumes 1 dB desensitization for self-interference and inter-sector interference suppression which may not be achievable in certain deployments. It was mentioned that some of the methods presented for gNB-gNB CLI mitigation schemes such as beam nulling could be used for achieving 1 dB desensitization for self-interference suppression and inter-sector interference suppression. However, the degrees of freedom in performing MIMO transmissions are reduced if some of the degrees of freedom are used for nulling towards self and/or co-sited BS. In addition to these, more degrees are lost if it’s used to null towards multiple different sites. This has a huge impact on the performance of DL which was not studied during the SI phase. However, it is worthy to note that there is no inter-sector interference for local area indoor networks and the self-interference mitigation is manageable. In these isolated deployment scenarios, gNB-gNB CLI is not a limiting factor. 
Moreover, the simulations during the SI assume ideal gNB-gNB channel estimation which is not practical. Simulations of gNB-gNB CLI mitigation schemes in TR 38.858 did not account for additional overhead associated with gNB-gNB channel measurement in RAN1.  Therefore, a comprehensive evaluation that includes realistic channel estimation and its effects on DL performance gains is essential for fully understanding the potential and limitations of the techniques outlined in TR 38.858. 
[bookmark: _Toc159246273]For SBFD’s main use case of standalone, indoor local area networks, CLI mitigation strategies are not essential. However, for high-power networks, while CLI mitigation can be beneficial, it's important to consider additional feasibility challenges and constraints. 
[bookmark: _Toc159246274]The simulation studies in TR examined gNB-gNB CLI mitigation schemes in narrow, controlled settings without considering the broader implications of deploying SBFD.
[bookmark: _Toc159246285]RAN1 should assess the impact of gNB-gNB CLI mitigation techniques outlined in TR 38.858 on both downlink and uplink performance before finalizing reference signal and measurement resource configurations. This evaluation might necessitate both system-level and link-level analyses for different schemes. 
[bookmark: _Ref159242119][bookmark: _Toc159246286]If gNB-gNB co-channel CLI mitigations are agreed to be evaluated, RAN1 should agree on a maximum allowed DL performance degradation.
Secondly, even if few reference signals are identified for gNB-gNB channel measurement, it prompts several operational questions:
· Resource Allocation: Determining which gNBs are responsible for transmitting these reference signals is essential. This decision cannot be arbitrary, as it directly impacts the effectiveness of the channel measurement and, consequently, the performance of the overall network.
· Synchronization: There needs to be a clear mechanism for gNBs to be aware of the timing and frequency allocations of these reference signals. Without a synchronized understanding, the risk of interference increases, potentially compromising the accuracy of channel measurements.
· Dynamic order: The role of a gNB as an 'aggressor' or a 'victim' in the context of interference is not static and can change depending on the network topology and traffic conditions. This fluidity necessitates a dynamic approach to assigning the transmission of reference signals, ensuring that all potential interference scenarios are mitigated. As part of this it is essential that gNB-gNB communication can follow such dynamicity without incurring in delayed information exchanges, which could lead to victim gNBs behaving as aggressors and vice versa.
· Resource information sharing: The method by which these resource configurations are communicated and shared among gNBs needs to be defined. The proposed methods in the TR state that this type of information could be shared using Xn protocol in RAN3. 
Addressing these operational challenges is critical for the successful implementation of gNB-gNB channel measurement techniques. It requires a nuanced approach that considers the dynamic nature of network interactions and the practical limitations of resource allocation, synchronization and propagation delays over the RAN interfaces, provided there are performance gains.
[bookmark: _Toc159246287]If the potential performance gains are deemed sufficient, RAN1 needs to agree on many critical operational challenges regarding resource configuration / reference signals for co-channel gNB-gNB CLI mitigation
i. [bookmark: _Toc159246288]Determine which gNBs are responsible for transmitting the reference signal, and the order of transmitting such information. 
ii. [bookmark: _Toc159246289]Synchronization among the gNBs to be aware of the time and frequency allocations of the reference signals. 
2.1.2	Information exchange between gNBs
In the previous sub-section, we delved into the prerequisites for enabling gNB-gNB channel measurement. In this sub-section we discuss what information needs to be exchanged between the gNBs and the practical concerns with the same. 
In the TR, RAN1 discussed potential exchange of information among gNBs on Reference signal/Channel configuration especially over the Xn interface. The following observations can be made regarding the exchange of information between gNBs.
· It is not clear how frequently the information needs to be exchanged. 
· The TR also discusses a variety of solutions where details on reference signal configurations, channel state information, and potentially the scheduling patterns of gNBs, beam information are all exchanged. These could impose huge bandwidth and latency overhead on the transport layers. 
· The maximum delay that can be tolerated between channel measurement and transmission must be established, balancing the need for timely data to inform dynamic scheduling decisions against the practical limitations of propagation delays, signaling overhead and processing time.

Therefore, before advancing proposals to RAN3, RAN1 must delineate the scope of the problem comprehensively. This involves defining the minimum set of information that must be exchanged for effective gNB-gNB channel measurement and establishing protocols for how this information is shared and updated. RAN1 should also propose guidelines for the adaptive frequency of information exchange, tailored to varying network conditions and traffic demands. Establishing these foundational elements will ensure that RAN3 receives a well-structured framework to develop the necessary standards for inter-gNB communication and coordination.
[bookmark: _Toc159236529][bookmark: _Toc159236914][bookmark: _Toc159236530][bookmark: _Toc159236915][bookmark: _Toc159236531][bookmark: _Toc159236916][bookmark: _Toc159236532][bookmark: _Toc159236917][bookmark: _Toc159236533][bookmark: _Toc159236918][bookmark: _Toc159236534][bookmark: _Toc159236919][bookmark: _Toc159246290]RAN1 needs to consider the parameters for information exchange, specifying the type of information to be shared, the frequency of updates, and the measurement intervals before advancing proposals to RAN3. 
2.2		Tx-Beam Nulling
The basic principle of beam nulling explained in the TR is for the victim gNB to transmit a reference signal such as CSI-RS or other RS and the aggressor gNB measures the channel based on the RS transmission and uses null forming to reduce interference to the victim gNB.
However, there are two methods for the reference signals to be transmitted:
· Victim gNB transmits the reference signals, and the aggressor determines the channel covariance matrix and nulls towards the victim. 
·  or the aggressor transmits the reference signals for channel measurement. The issues concerning both the methods are described below.

[bookmark: _Toc159246275]It is not clear whether a victim gNB or an aggressor gNB transmits the reference signals, for a given interference scenario. 

2.2.1 Mismatch in the channel measurement between Tx and RX panels
Sources have proposed to measure the channel coefficients from the victim gNB to the aggressor gNB at the aggressor gNB, and inter-gNB interference suppression beamforming can be designed by channel reciprocity. However, close examination of the SBFD gNB hardware indicates that the claim reciprocity may not hold. This is discussed in more details in the following.
It’s well studied during the SI phase that an SBFD gNB needs to have separate antenna panels for DL transmission and UL transmission as part of solutions to address severe self-interference during simultaneous transmission and reception. Such hardware requirement causes mismatch of the actual interference channel and the measurement channel between an aggressor gNB and a victim gNB. Figure 1 provides illustration for the following discussion.
When an aggressor gNB transmits a DL signal (denoted by the product of the DL precoder matrix and the modulated symbol vector: ) in the DL subband from the TX panel, transmitter hardware nonlinearities induce leaked distortions in the UL subband (denoted by ). This combination of DL signal in the DL subband and leaked distortion in the UL subband are then received by the RX panel of a victim gNB as
·  in the DL subband, where  contains channel coefficients from the aggressor TX panel to victim RX panel in the DL subband;
·  in the UL subband, where  contains channel coefficients from the aggressor TX panel UL subband to victim RX panel in the UL subband.
When the victim gNB transmits certain reference signals (denoted by the product of the reference symbol precoder and reference symbol vector: ) that the aggressor can measure, the signal is emitted from the TX panel of the victim gNB. The reference symbols are received by the RX panel of the aggressor gNB as
·  in the DL subband, where  contains channel coefficients from the victim TX panel to aggressor RX panel in the DL subband;
·  in the UL subband, where  is leaked distortions in the UL subband caused by the transmitter hardware nonlinearities at the victim gNB, and  contains channel coefficients from the victim TX panel UL subband to aggressor RX panel in the UL subband.
Several observations can be made
· To address inter-gNB interference by modifying the aggressor DL beams requires the knowledge of net effective channel coefficients from aggressor TX panel DL subband to victim RX panel UL subband: .
· The effective channel also involves the aggressor TX panel nonlinearity .
· The measured channel coefficients are from victim TX panel to aggressor RX panel.
· The measured net channel also involves the victim TX panel nonlinearities .
[bookmark: _Hlk158971290]That is, the actual interference channel and the measured reverse channel involve completely different pairs of hardware.
· The modification of aggressor DL beamforming to suppress inter-gNB interference cannot depend on direct channel reciprocity.
· The modification of aggressor DL beamforming may need to be based on more general channel characteristic (e.g., angle of arrival), which may result in lower inter-gNB interference suppression and/or worse performance to the desired DL UE.
· These factors should be considered in the design of reference resources for inter-gNB interference measurement and mitigation.

[image: ]
[bookmark: _Ref158126234]Figure 1: Illustration of mismatch between inter-gNB interference channel (from aggressor TX panel to victim RX panel) and the measured reverse channel (from victim TX panel to aggressor RX panel). Completely different pairs of hardware are involved in the two channels.

[bookmark: _Toc159246291]The design of reference resources and procedures for inter-gNB interference measurement and mitigation needs to consider that the actual interference channel and that the measured reverse channel involves completely different pairs of hardware. The evaluation methodology should also reflect the absence of channel reciprocity for inter-gNB beam nulling. 

As mentioned in section 2.1.1., beam nulling was proposed in the TR as one of the methods to enhance interference suppression—both self-interference and inter-sector—to achieve 1 dB desense. However, employing beam nulling compromises the available degrees of freedom essential for MIMO transmissions, especially when nulling is directed towards the same site or co-located base stations. Furthermore, the complexity increases, and additional degrees of freedom are sacrificed when this technique is extended to mitigate interference from multiple distinct sites. This significant limitation could adversely affect DL performance, an aspect that was not explored during the SI. Therefore, we think that Proposal 2 becomes even more relevant if gNB-gNB CLI schemes are agreed to be evaluated. 

2.3	UL Resource Muting
Resource muting, on UL as well as DL, has been proposed for improved CLI handling, both for UL and DL reception ([1], section 8.3.1A). In the following, we focus on the benefits for reception on UL. Muting of UL resources can then be used to facilitate estimation of gNB-to-gNB (DL-to-UL) interference at the gNB, and DL muting of the OFDM symbol coinciding with UL DMRS can facilitate estimation of desired UL signal channel (assuming that the DL and UL OFDM symbols are aligned at the gNB). UL muting can be transparent or non-transparent (requiring standard changes) to the UE. In this section, we focus primarily on non-transparent UL muting, including patterns that mute only a subset of REs of an OFDM symbol, henceforth referred to as RE-level muting.
It should be noted that the methods discussed here only help CLI suppression if the interference is weak enough not to saturate (block) the gNB receiver.
2.3.1 Power control and RE-level muting

UE Tx power is determined by clause 7.1.1 of TS 38.213. Power scaling to confirm to the so determined Tx power is performed by multiplication by the factor according to clause 6.3.1.6 of TS 38.211, and is identical for all REs in a transmission occasion. Hence, if only some REs are muted in an OFDM symbol (RE-level muting), it will have to be balanced by increasing the power of all the other REs in the transmission occasion. As a consequence, the total Tx power in the OFDM symbols without muting may increase beyond the power given by TS 38.213. The effect may be rather small in the case of full-slot allocation (14 OFDM symbols) and RE-level muting in only one OFDM symbol, but for shorter allocations, the effect may be more pronounced. Furthermore, the total Tx power in the OFDM symbol with muted REs may decrease substantially (e.g. by about 3 dB if every 2nd RE is muted), resulting in a fairly large power variation from one OFDM symbol to another within a slot. Power boosting of the OFDM symbol with muted REs could be considered to reduce the variation.

[bookmark: _Toc159246276]Power control may have to be clarified and/or modified if RE-level UL resource muting is introduced. 

2.3.2 DFT-s-OFDM and RE-level muting
A key objective of SBFD is to enhance UL coverage. For maximum UL coverage, DFT-s-OFDM should be employed due to its lower cubic metric (CM), which allows higher UE output power. With DFT-s-OFDM, muting of individual REs in an OFDM symbol is not straightforward as it will compromise the DFT-s-OFDM waveform and increase the CM. The CM increase would prevent power boosting of the OFDM symbol with muted REs to fully compensates for the Tx power loss due to muted REs, and there might even be a need for deboosting, depending on the CM increase relative to the fraction of muted REs.

[bookmark: _Toc159246277]DTF-s-OFDM aspects of non-transparent UL resource muting are important and would require special investigations, e.g. resource mapping as well as impact from the cubic-metric (CM) increase.

[bookmark: _Toc159246292]If non-transparent UL resource muting is standardized, it should be ensured that it works well also for DFT-s-OFDM. 

2.3.4 Interference variation over a slot
NR supports DL allocations spanning only a subset of OFDM symbols of a slot (cf. Table 6.1.2.1.1-2 of TS 38.214). In such case, it may happen that the time-domain DL allocation does not overlap with the UL OFDM symbol with muted REs. In scenarios where the time domain DL allocation does not coincide with the OFDM symbol designated for UL with muted REs, there arises a challenge. The muted REs, used for estimating interference covariance, may fail to capture the DL interference. Interference covariance estimation based on the muted REs will then not capture the DL interference, which may lead to inaccurate interference covariance estimation on the UL symbols that are affected by the interference from DL. This may result in very poor UL throughput performance. 
Note that if instead a legacy configuration with same UL overhead is used, e.g. 2 DMRS symbols instead of 1 DMRS symbol + 1 muted symbol, the issue is substantially mitigated, since typically at least one of the DMRS symbols will experience the interference, meaning it will be considered in interference covariance estimation.

[bookmark: _Toc159246278]Interference estimation based on muting of a single OFDM symbol may completely miss DL interference spanning only part of the slot, resulting in poor performance compared to legacy configurations with similar overhead (2 DMRS per slot).

However, a modified muting pattern that mutes REs in not only one, but multiple, UL OFDM symbols could be considered. More precisely, instead of muting every Nth RE in one OFDM symbol, one could mute every (NM)th RE in each of M UL OFDM symbols in a slot. The total muting overhead would then be the same, but the interference estimation would be guaranteed to also capture DL allocations spanning only a few symbols. Throughput performance in such situations could hence be expected to be substantially improved.

[bookmark: _Toc159246279]By muting REs in multiple UL OFDM symbols in a slot, instead of just one, performance in the presence of DL interference spanning only a few OFDM symbols could likely be substantially improved. The fraction of muted REs per OFDM symbol would be reduced to ensure that the total muting overhead in a slot is not increased.

Based on these observations, it is clear that a fair comparison of different muting patterns, as well as benchmarking against legacy solutions, should include evaluations with DL allocations spanning only a few symbols of a slot. Proposals for link-level simulation settings are provided in Table 2 (general LLS settings) and Table 3 (muting-specific LLS settings) in the appendix.

[bookmark: _Toc159246293]Evaluations of resource muting should include DL allocations that cover only part of the slot. 

2.3.4 PRB-level vs RE-level muting
As an alternative to muting of every Nth subcarrier, one could consider muting of every Nth PRB. Since the leakage from DL subband to UL subband is spread fairly evenly across the UL subband, and also because interference estimates are typically anyway averaged over multiple PRBs in a practical receiver for good performance, these two muting options are expected to perform similarly. Muting on PRB level may be simpler from a specification point of view.

[bookmark: _Toc159246280]PRB muting could be an alternative to RE muting, with same performance expected, but possibly with less specification effort.

2.4	Need for link-level simulations and alignment of settings
Several aspects of SBFD interference mitigation may require detailed link-level simulations (LLS). Examples include, e.g., resource muting as well as impact on UL subband from Tx nulling. In order to allow direct comparisons between methods from different companies, simulation settings should be aligned. A proposal for common simulation settings is given in Table 2 in the appendix. 
For some features, additional feature-specific settings may be needed. A proposal for resource muting is given in Table 3 in the appendix.

[bookmark: _Toc159246294]LLS are needed for evaluations of some features, and simulation settings should be aligned between companies, e.g. based on the proposals in Table 2 (generic settings) and Table 3 (settings specific to resource muting).

[bookmark: _Ref189046994]3	Inter-UE CLI handling schemes 
	For inter-UE inter-subband CLI measurement, at least the following methods are studied:
-	Method#1: victim UE measures RSSI within DL subband
-	Method#2: victim UE measures RSRP of aggressor UE within UL subband
-	Method#3: victim UE measures RSSI within UL subband 
-	Note: the restriction in Rel-16 that CLI is only measured within DL BWP does not forbid UE to measure CLI in UL subband when UL subband is confined within DL BWP.
For UE-to-UE CLI-RSSI measurement/report across downlink subbands, the following methods are studied. Note that Alt #1 and Alt #2 are supported in existing specifications.
-	Alt #1: separate CLI-RSSI measurement resources/reports in each DL subband
-	Alt #2: CLI-RSSI measure/report in one DL subband only
-	Alt #3: CLI-RSSI measurement/report based on non-contiguous CLI-RSSI resource across downlink subbands
Alt #1 allows flexible configuration of measurement reporting in one DL subband or two DL subbands but it consumes multiple CLI-RSSI measurement resources from the UE capability budget. Alt #2 restricts gNB configuration flexibility and does not account for whether or not the CLI is asymmetric across two DL subbands. This method does not consume multiple CLI-RSSI measurement resources from UE capability point of view. Alt #3 requires additional specification efforts to support non-contiguous CLI-RSSI resource allocation across downlink subbands. This method is similar to non-contiguous CSI-RS resource allocation. A single CLI-RSSI report based on non-contiguous CLI-RSSI resource may be sufficient. This method does not consume multiple CLI-RSSI measurement resources from UE capability point of view. Note that it does not imply whether L1 or L2 based measurement is supported.
Method #2 and Method #3 can be used for identifying the aggressor UE(s) if orthogonal resources are allocated for different aggressor UE(s). Method #2 and #3 can at least provide higher interference signal strength than inter-subband interference leakage based measurements in Method #1. Furthermore, such measurement is not subject to inter-cell DL interference. It is feasible for UE to measure RSRP/RSSI within UL subband if within active DL BWP and receive DL in DL subband(s) simultaneously similar as simultaneous RSRP/RSSI measurement and DL reception in Rel-16. The existing CLI measurement and report framework can be reused to support RSRP/RSSI measurements within UL subband when UL subband is confined within active DL BWP.



When a network operates in SBFD duplex mode it can happen that UEs transmitting UL during a symbol or slot, which is used for DL by the same or other BSs, of the same or other operators, interfere with other UEs receiving DL in the same network, and/or in adjacent channels/bands, generating UE-to-UE CLI. This interference is usually less disruptive than the BS-to-BS interference, due to the relatively lower UE transmit power compared to gNB/BS transmit power. However, if two UEs happen to be at a close mutual distance and the first one is scheduled UL while the 2nd one is scheduled DL at the same time, CLI from the 1st UE can impact DL performance of the 2nd UE. Such UE-to-UE CLI can be:
· Co-channel UE-UE CLI: The UL from the UEs in the SBFD network interferes with other UEs attempting to receive DL in the same network. UE-to-UE CLI can come from the same cell or from a different cell. 
· Adjacent channel UE-UE CLI: The UL from the UEs in one SBFD network interferes with other UEs receiving DL in adjacent channels/bands/networks.
[bookmark: _Toc159246281]UE-UE CLI is a lesser problem than gNB-gNB CLI and optimizations for the former is not expected to increase SBFD performance drastically. 
[bookmark: _Toc159246282]UE-UE CLI only becomes severe when the devices are in close proximity to each other.
In results reported in 3GPP TR38.858, where adjacent channel UE-to-UE CLI is specifically studied, it was shown that if users are uniformly distributed in a wide coverage area, their chance to be close to each other and be scheduled in opposite directions at the same time is low, and UE-to-UE CLI does not damage DL performance. However, if UEs are close to each other and clustered in such a way that their distance is e.g. always less than 50 m, DL performance of legacy TDD UEs can be impacted by UE-to-UE CLI, especially DL edge users performance (5%-tile throughput). As a result, the UE-to-UE CLI does not only impact DL UEs in SBFD networks, but also in TDD networks, in case said TDD network is neighbor to a SBFD second network.
An option that is being proposed in TR38.858 for detecting if a UE is affected by UE-to-UE CLI, and which is currently under discussion, is to analyze measurement reports from the UE in terms of RSSI (Received Signal Strength Indicator) (CLI-RSSI). This is an indicator that includes the co-channel non-serving cell signal, adjacent channel interference and even the thermal noise within the specified band. However, a limitation that we see in this proposal, is that even if a UE reports a RSSI suggesting it is victim of CLI, it is not possible for the gNB to identify the aggressor source, and so what UEs to avoid scheduling to avoid the CLI. In this sense, the RSSI measurements provide incomplete information that can be considered to be complemented. In particular, more information like the relative position with respect to other UEs would provide more insight about if the UE may be victim of UE-to-UE CLI, before making scheduling decisions. 
[bookmark: _Toc159246283]L1 RSSI measurements offer limited insight because they fail to distinguish between co-channel and adjacent channel CLI for UE-UE CLI mitigation. This information would be useful to make a more effective scheduling decision oriented to avoid CLI.
The relative position of pairs of users can be evaluated taking advantage of positioning techniques, architecture, protocols, measurements and methods already introduced during Release 16 and 18 and which can be further extended for the UE-to-UE interference avoidance and mitigation use case. In particular, a bistatic localization framework is already provided by 5G positioning features specified in Release 16 and lately extended in Release 18 for the Sidelink case. The positioning framework should be extended to evaluate the relative distance between UEs. Bistatic and monostatic localization is also an important use case considered for ICAS (Integrated Sensing and Communication), so the corresponding framework and features could also be used/extended to derive the relative distance between UEs.
In Release 16 positioning architecture, the LMF (Local Management Function) entity is in charge of computing the position of the UEs in the context of the Radio Access Network. The LMF can achieve positioning information by means of standardized or not standardized positioning methods, or by means of GNSS methods independently reported by the UE, or with the assistance of further information obtained from the network, i.e. using hybrid methods. 
The UEs are configured to report measurements to the LMF for the purpose above described. These measurements are based on observation of standardized positioning specific reference signals, the DL PRS (Positioning Reference Signal) and the UL SRS (Sounding Reference Signal). In addition, taking advantage of Release 18 positioning improvements in the area of Sidelink positioning, for the case of UEs Sidelink capable, SL PRS can also be used and measured by other UEs. 
To reduce overhead in the identification of position of UEs, and to overcome inaccuracies due to line of sight vs non line of sight measurements, as an improvement to currently available NR positioning framework, UEs should be configured to be able to monitor multiple kinds of reference signals, SL PRS, DL PRS and UL SRS, and report measurements about power, time delay, and directions, and relative measurements, like RSTD (Received Signal Time Difference). Also, UEs can be configured to transmit PRS, which can be received by other UEs as if those were transmitted by the network. By means of all these measurements reported to LSF it is possible to derive the relative distance between UEs through known standardized and non-standardized positioning methods.
Once potential pairs of UEs at risk of UE-to-UE CLI are identified, scheduling oriented to avoid appearance of UE-to-UE CLI can be put in place. Those strategies could be proactive or reactive. In particular, the scheduler could act proactively and never schedule two UEs at risk of UE-to-UE CLI at the same time in different directions. Other possible actions would include instead to make the potential victim DL more robust to additional sources of interference, e.g. schedule the DL of the UE victim of UE-to-UE CLI, with lower MCS (Modulation and Coding Scheme), reduce the MIMO layers, activate adaptive power control, include repetitions, etc. can be considered. Alternatively, the scheduler can act reactively and monitor the RSSI reports RSSI report from the two UEs, depending if they are above or below a given threshold, it can be assumed that UE-to-UE CLI is among the causes of the poor performance, and the scheduling allocation is changed so that they are not allocated UL and DL at the same time, or the robustness to interference of the DL victim can be reinforced.
[bookmark: _Toc159246284]It may be beneficial to leverage Rel-18 Positioning enhancements to identify position of UEs. This can help identify UEs at risk of causing or being affected by UE-UE CLI. Enhancing RSSI reports with positional data could aid in implementing effective UE-UE CLI mitigation strategies.

4	Down-prioritization of CLI schemes 
For gNB-gNB CLI mitigation schemes, the following schemes highlighted in yello can be further studied. 
	
	Schemes
	Position
	Comments

	gNB-gNB CLI 
	gNB-gNB co-channel CLI measurement and/or channel measurement
	Beam nulling: Needs further study
	Information exchange of measurement resource configurations among gNBs e.g., NZP CSI-RS/SSB (RAN3) 

	
	UL resource muting 
	Needs further study
	

	
	Coordinated scheduling for time/frequency resources between gNBs
	Needs clarification 
	Dynamic exchange of TDD patterns not realistic and infeasible. 
Modifying existing “Intended UL DL configuration” to include SBFD patterns may be feasible 

	
	Spatial domain coordination method 
	Not support
	Dynamic nature of the spatial domain renders such dynamic exchange of information infeasible 

	
	UE and gNB transmission/reception timing 	
	Not support
	Such dynamicity not feasible

	
	DL power control-based solution 	
	Not support
	Negative impact on DL coverage, requires inter-gNB information exchange.

	
	UL power control-based solution
	Needs further study
	Separate power control parameters in SBFD and non-SBFD symbols. Will be handled in 9.3.1.
Does not require inter-gNB information exchange.
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For UE-UE CLI mitigation schemes, the schemes must have limited overhead in terms of specification effort or clearly motivated by performance benefits. 
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Conclusion
In the previous sections we made the following observations: 
Observation 1	Most schemes in TR 38.858 either require RAN3 signaling for inter-gNB information exchange of channel measurement, configuration of reference signals or both.
Observation 2	For gNB-gNB CLI mitigation techniques, the potential specification impact in RAN1 is to define reference signals/measurement resources for gNB-gNB channel measurement and in RAN3 is the information exchange between gNBs (of the CLI resource configuration) and/or CLI measurement reports.
Observation 3	For SBFD’s main use case of standalone, indoor local area networks, CLI mitigation strategies are not essential. However, for high-power networks, while CLI mitigation can be beneficial, it's important to consider additional feasibility challenges and constraints.
Observation 4	The simulation studies in TR examined gNB-gNB CLI mitigation schemes in narrow, controlled settings without considering the broader implications of deploying SBFD.
Observation 5	It is not clear whether a victim gNB or an aggressor gNB transmits the reference signals, for a given interference scenario.
Observation 6	Power control may have to be clarified and/or modified if RE-level UL resource muting is introduced.
Observation 7	DTF-s-OFDM aspects of non-transparent UL resource muting are important and would require special investigations, e.g. resource mapping as well as impact from the cubic-metric (CM) increase.
Observation 8	Interference estimation based on muting of a single OFDM symbol may completely miss DL interference spanning only part of the slot, resulting in poor performance compared to legacy configurations with similar overhead (2 DMRS per slot).
Observation 9	By muting REs in multiple UL OFDM symbols in a slot, instead of just one, performance in the presence of DL interference spanning only a few OFDM symbols could likely be substantially improved. The fraction of muted REs per OFDM symbol would be reduced to ensure that the total muting overhead in a slot is not increased.
Observation 10	PRB muting could be an alternative to RE muting, with same performance expected, but possibly with less specification effort.
Observation 11	UE-UE CLI is a lesser problem than gNB-gNB CLI and optimizations for the former is not expected to increase SBFD performance drastically.
Observation 12	UE-UE CLI only becomes severe when the devices are in close proximity to each other.
Observation 13	L1 RSSI measurements offer limited insight because they fail to distinguish between co-channel and adjacent channel CLI for UE-UE CLI mitigation. This information would be useful to make a more effective scheduling decision oriented to avoid CLI.
Observation 14	It may be beneficial to leverage Rel-18 Positioning enhancements to identify position of UEs. This can help identify UEs at risk of causing or being affected by UE-UE CLI. Enhancing RSSI reports with positional data could aid in implementing effective UE-UE CLI mitigation strategies.


Based on the discussion in the previous sections we propose the following:
Proposal 1	RAN1 should assess the impact of gNB-gNB CLI mitigation techniques outlined in TR 38.858 on both downlink and uplink performance before finalizing reference signal and measurement resource configurations. This evaluation might necessitate both system-level and link-level analyses for different schemes.
Proposal 2	If gNB-gNB co-channel CLI mitigations are agreed to be evaluated, RAN1 should agree on a maximum allowed DL performance degradation.
Proposal 3	If the potential performance gains are deemed sufficient, RAN1 needs to agree on many critical operational challenges regarding resource configuration / reference signals for co-channel gNB-gNB CLI mitigation
i.	Determine which gNBs are responsible for transmitting the reference signal, and the order of transmitting such information.
ii.	Synchronization among the gNBs to be aware of the time and frequency allocations of the reference signals.
Proposal 4	RAN1 needs to consider the parameters for information exchange, specifying the type of information to be shared, the frequency of updates, and the measurement intervals before advancing proposals to RAN3.
Proposal 5	The design of reference resources and procedures for inter-gNB interference measurement and mitigation needs to consider that the actual interference channel and that the measured reverse channel involves completely different pairs of hardware. The evaluation methodology should also reflect the absence of channel reciprocity for inter-gNB beam nulling.
Proposal 6	If non-transparent UL resource muting is standardized, it should be ensured that it works well also for DFT-s-OFDM.
Proposal 7	Evaluations of resource muting should include DL allocations that cover only part of the slot.
Proposal 8	LLS are needed for evaluations of some features, and simulation settings should be aligned between companies, e.g. based on the proposals in Table 2 (generic settings) and Table 3 (settings specific to resource muting).
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Appendix: Link level simulation assumptions 
[bookmark: _Ref158987284]Table 2: Proposed generic LLS settings 
	Parameters
	Settings

	Scenario /
system
	 Carrier frequency:	4 GHz
 Subcarrier spacing: 	30 kHz
 gNB Tx power: 		38 dBm (medium range) or 53 dBm (wide area)

	Frame structure
	 XXXXU (X = SBFD slot, U = UL slot)
 D-U-D configuration 40 MHz – 20 MHz – 40 MHz.

	Channel models
	 UE-to-gNB: 	CDL-C, 100 ns RMS delay spread, 3 km/h UE speed
 gNB-to-gNB: 	Inter-site: CDL-E, LOS K-factor 20 dB, 
			                10 ns delay spread, 1 angular spread
			Intra-site (intra/inter-sector): Model reported by companies

	Antenna configurations
	 UE: 	1 Tx antenna
 gNB: 	Medium range: () = (6)
  		    i.e. Tx panel = Rx panel = 2V x 4H set of 1x3 x-pol subarrays.
		Wide area: () = (12)
  		    i.e. Tx panel = Rx panel = 4V x 8H set of 1x3 x-pol subarrays. 

	PUSCH configuration
	 MCS 5, 28 PRBs (targeting throughput 1 Mbps with 10% BLER)
 5 Type A repetitions (aggregation across 4 SBFD slots and 1 UL slot)
 CP-OFDM or DFT-s-OFDM
 Full-slot allocation (except for any muted symbols)

	Interference (gNB-to-gNB)
	Intra-sector, intra-site inter-sector, and/or inter-site depending on investigated case

	Receiver algorithm
	 MMSE-IRC
 Noise/interference estimation bundle size to be reported by companies

	Impairments
	 Tx side: Reported by companies (e.g model CFR and DPD+PA [3]) 
 Rx side: No impairments or with LNA non-linearities can be reported

	Other
	 No HARQ
 No frequency hopping
 SNR measured before Rx antenna port combining 



[bookmark: _Ref158987285][bookmark: _Ref158991016]Table 3: Proposed LLS setting specific to resource muting evaluations
	Muting and DMRS patterns
	· DMRS location is OS #2 (additional location is #11)
1. No muting: 		1 DMRS or 2 DMRS
2. Only UL muting: 	1 DMRS
				(a) Muting in OFDM symbol #3 only
 				(b) Muting in all PUSCH data OFDM symbols
				Note: Align total muting overhead between (a) and (b)
3. UL and DL muting: 	UL muting + DL symbol #2 muted
Any power boosting of OFDM symbol with muted REs reported by companies

	PDSCH/PDCCH settings
	· PDCCH in OS #0 and #1
· PDSCH allocation:
· Only UL muting:
· Default TD allocation table A row #1 (OS #2 to #13)
· Default TD allocation table A row #8 (OS #5 to #11)
· UL and DL muting:
· Custom configured TD allocation OS #3 to #13
· Default TD allocation table A row #8 (OS #5 to #11)
· Varying INR (total from all interferers), e.g. in the range 0–20 dB, measured at antenna ports.
· SNR defined based on OFDM symbols without muting
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