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In RAN#102, a new work item on sub-band full duplex (SBFD) was approved [1] and the objectives related to CLI handling enhancements are listed below
	· 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. 


This contribution discusses the down-selection of gNB-to-gNB co-channel CLI handling schemes and UE-to-UE co-channel CLI handling schemes for SBFD.

Discussion 
According to the WID, both gNB-to-gNB co-channel CLI handling scheme(s) and UE-to-UE co-channel CLI handling scheme(s) are to be specified. The detailed schemes are to be down-selected from those in TR38.858. During the SI stage, several gNB-to-gNB co-channel CLI handling schemes and UE-to-UE co-channel CLI handling schemes were studied. The basic procedure and potential specification impact of these schemes have been documented in the TR. While some schemes included performance evaluations, others relied on qualitative analysis. For the down-selection, it is important to establish some guiding principles. Prioritizing schemes with performance evaluations aligns with common RAN1 practice and provides the decision basic for down-selection. Of course, qualitative analysis and potential specification impact remain crucial considerations and should be factored into the down-selection process.
Proposal 1: To facilitate effective down-selection, prioritize the CLI handling schemes with performance evaluations.

gNB-to-gNB co-channel CLI handling schemes
TR38.858 (Section 7.4.2 and 8.3) [2] presents gNB-to-gNB co-channel CLI handling schemes, along with performance evaluations from different companies. Section 7.4.2 focuses on schemes specific to SBFD, while Section 8.3 covers schemes applicable to both SBFD and dynamic/flexible TDD or specific to dynamic/flexible TDD. Given that there will be no dedicated optimization for dynamic/flexible TDD, one need to first identify the candidate gNB-to-gNB co-channel CLI handling schemes for SBFD. In this section, we have a recap of these schemes and provide some detailed analysis on their basic principles, performance evaluations, and potential impact on specifications. 

1. 
1. 
1. 
0. Spatial domain based schemes 
2.1.1.1	Beam nulling
Basic principle
As analyzed in [3], there will be potential blocking at the gNB receiver due to gNB-to-gNB co-channel CLI especially in macro deployment. And the blocking causes severe noise rises or saturation which lead to significant performance degradation. Assuming a wideband filter to receive the UL signal in SBFD slots, the DL signal will fall into the receiving bandwidth of the UL receiver, as shown in Figure 1. Although the DL signal and the UL desired signal are in different RBs, the strength of the DL signal is much higher than the UL desired signal, and the strong DL signal will have blocking effect to degrade the receiver performance. Depending on gNB implementation, it may also be possible to put an analogue subband filter in the Rx path (considered as low priority during the SI phase). However, the subband RF filter cannot have sharp roll-off’s, otherwise the order of the filter will increase. According to the SI, it is assumed that it can provides 8dB improvement compared to wideband filter which cannot really solve the blocking issue.
[image: ]
[bookmark: _Ref159231584]Figure 1.  Illustration of the DL signal and UL signal assuming wideband UL front end filter.
To reduce blocking, beam nulling can be considered. The basic idea is that an aggressor gNB takes the potential impact to victim gNB(s) into account when determining the DL beamforming weight for its own DL users, so that the DL beamforming weights can be manipulated to avoid transmitting in the direction of the receiver. This is similar to beamforming weight determination in DL MU-MIMO. Based on nulling between gNBs, the null(s) of transmit beam of the aggressor gNB will point to the victim gNB(s) as shown in Figure 2, thus reducing the total received power at the gNB of victim. Note that beam nulling is more efficient for FR1 wherein gNBs are typically equipped with a large number of digital Tx chains. 
In general, the DL performance at the aggressor gNB will be impacted by the beam nulling. And the amount of performance degradation depends on the spatial correlation between the UE and the victim gNB(s). If the UE and the victim gNB are close to each other or in the same direction from the aggressor gNB perspective, the performance degradation could be large. And if they are in different directions from the aggressor gNB perspective, the performance degradation could be small. And it also depends on the number of antennas at the aggressor. A large number of antennas at the aggressor tends to result in small DL performance degradation since there is larger freedom in spatial domain to generate nulls. 
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[bookmark: _Ref159231605]Figure 2. Beam nulling among gNBs to suppress blocking interference
Performance evaluation
In our company contribution [3], two beam nulling schemes (referred to as CBF therein) were evaluated, including gNB-to-gNB steering vector based scheme (CBF#0) and gNB-to-gNB channel measurement based scheme (CBF#1). The basic principle of the two schemes can be found in Annex A. And the evaluation results in terms of DL average-UPT gain and UL average-UPT gain have been captured in Section 7.4.2 in TR38.858 [2]. 
The evaluation results show that both two beam nulling schemes are beneficial to reduce the blocking at gNB side to achieve better UL performance of SBFD for all SBFD alternatives and all load levels. And compared with gNB-to-gNB steering vector based scheme (CBF#0), gNB-to-gNB channel measurement based scheme (CBF#1) has a better flexbity to solve the blocking issue. Figure 3 provides a comparison of gNB total received power with (CBF#1) and without beam nulling.

[bookmark: _Ref159231680]Figure 3. Comparison of gNB total received power with and without beam nulling
Observation 1: Beam nulling is beneficial to reduce the blocking at gNB sides
· Compared with the gNB-to-gNB steering vector based scheme, the gNB-to-gNB channel measurement based scheme has a better flexibility to solve the blocking issue.
Proposal 2: Support gNB-to-gNB channel measurement based beam nulling to suppress gNB-gNB co-channel CLI.

Specification impact
The potential specification impact is to define reference signals for gNB-to-gNB channel measurement and information exchange between gNBs of the measure resource configuration and/or measurement reports.
During the SI stage, for gNB-to-gNB co-channel CLI/Channel measurement, it is considered as baseline to reuse existing DL channel(s)/signal(s)/measurement resource(s), for example, SSB, NZP/ZP-CSI-RS, DMRS for PDCCH/PDSCH, CSI-IM, RSSI measurement resource, etc. Considering CSI-RS has more flexible time-frequency domain resource configuration than SSB and can be transmitted with a fixed precoder or without precoder, so it is a good candidate for gNB-to-gNB channel measurement.
For the measurement procedure, there may be two possible solutions. One possible way is that victim gNB performs measurement on the CSI-RS transmitted from aggressor and feedback the channel information to the aggressor gNB. Another possible way is that aggressor gNB and victim gNB measure the CSI-RS from each other. Assuming channel reciprocity between aggressor gNB and victim gNB, the aggressor gNB can use the victim-to-aggressor channel information for beam nulling. In terms of specification impact, the information exchange of measure resource configuration between gNBs are required in both schemes.
Proposal 3: For gNB-to-gNB channel measurement, support information exchange of measure resource configuration between gNBs.
In addition, the gNB needs to measure CSI-RS transmitted from multiple gNBs. The existing CSI-RS can only support up to 32 orthogonal ports per resource which may not be sufficient for channel measurement from multiple gNBs where each may have 64 antenna ports. While the expansion of CSI-RS ports up to 128 will be specified in Rel-19 MIMO, the following characteristics of gNB-to-gNB channel can also be considered to reduce the CSI-RS overhead 
· The geographic location of gNBs are fixed. Therefore, the gNB-to-gNB channel varies more slowly than the gNB-UE channel, i.e., the former has a larger coherent time than the latter.
· The LOS probability of gNB-to-gNB link is much higher than that of gNB-UE link. Therefore, the gNB-to-gNB channel has a larger coherent bandwidth than the gNB-UE channel.
Proposal 4: Support CSI-RS port expansion to facilitate gNB-to-gNB channel measurement, considering the following gNB-to-gNB channel characteristics to reduce the overhead of CSI-RS:
· gNB-to-gNB channel has a larger coherent time than gNB-UE channel.
· gNB-to-gNB channel has a larger coherent bandwidth than gNB-UE channel.

2.1.1.2 Beam pairing
Basic principle
In FR2, gNB-to-gNB co-channel CLI highly depends on the isolation between the analogue beams. The isolation between two beams can be high when the two beams are in different directions and the isolation can be very low when the two beams are pointing to each other. Therefore, the key issue in FR2 is to find the beam pairs with low isolation, as illustrated in Figure 4. 
[image: ]                [image: ]
(a) FR1 digital coordinated beamforming             (b) FR2 analogue beam coordination
[bookmark: _Ref118644493]Figure 4. Coordinated beamforming for FR1 and FR2.
Specification impact
The potential specification impact is to define reference signals for gNB-to-gNB CLI measurement and information exchange of measurement resource configuration among gNBs, and/or preferred/restricted DL beam information and associated resource configuration.
The CLI-RSSI or CLI-RSRP of each beam pair can be measured based on NZP CSI-RS. Each CSI-RS port represents one beam. Information exchange between the gNBs can be beneficial for beam coordination in some cases. For example, the CLI strength of beam pair that is over a given threshold can be exchanged. The restricted Tx beams for each receive beam can be used to avoid the low isolation beams being used for transmitting and receiving simultaneously. 
For gNBs with ideal backhaul, dynamic coordinated beam scheduling can be implemented, e.g., the gNBs can avoid using low isolation beams for transmission and receiving simultaneously. In case of non-ideal backhaul, dynamic beam selection for transmission and receiving is not possible. Semi-static beam coordination can be considered. The performance of semi-static and dynamic coordinated beam scheduling should take the signaling overhead, information exchange latency into account. 
In addition to signaling overhead and latency, the performance benefit of beam pairing is highly dependent on gNB scheduler implementations, i.e., whether/how a gNB will change its scheduling decisions based on the information provided from another gNB, especially in case of multi-vendor scenarios. Overall, any information exchange if deemed necessary should leave sufficient room for gNB implementations and shall not assume any specific scheduler implementation. Considering the above, to minimize the specification impact, it may be practical only to exchange the measurement resource configurations among gNBs. 
Proposal 5: For gNB-to-gNB CLI measurement, support information exchange of measurement resource configuration, e.g., NZP CSI-RS, between gNBs.
In summary, to facilitate beam nulling and beam paring, gNB-to-gNB channel/CLI measurement are required. From specification impact perspective, we have the following observation
Observation 2: For gNB-to-gNB channel/CLI measurement, the specification impacts are similar, i.e., information exchange of measurement resource configuration and the normative work is mostly in RAN3.

2.1.1.3	UL resource muting
Basic principle
As analyzed in [3], for medium and high load cases in Urban macro and Dense Urban macro scenarios, the leakage of inter-site gNB-to-gNB co-channel inter-subband CLI is quite significant and it is higher than the legacy UL interference caused by UL transmissions from UEs. In extreme case, the ratio of leakage power of inter-site gNB-to-gNB co-channel inter-subband CLI to noise power can be larger than 20 dB, which is already larger than SNR. Therefore, some enhancements should be considered to suppress the leakage interference. The UL resource muting scheme relies on MMSE-IRC receiver at the victim gNB. MMSE-IRC receiver is a typical implementation at Macro base stations. The MMSE-IRC receiver can effectively suppress gNB-to-gNB CLI in spatial domain, because the state-of-the-art Macro BSs are equipped with a large number of antennas. 
The received signal at gNB of victim are modeled as follows: 

Assuming a MMSE-IRC receiver, the signal after MMSE-IRC receiver can be derived as follows:

where,
· ,  is the UL power transmitted from the target UE ,
· ,  is the UL power transmitted from the UE ,
·  is the legacy inter-cell UE interference,
· .
· , where  is the power of co-site inter-sector gNB-gNB co-channel CLI,  is the power of self-interference, and  is the power of noise.
To ensure that the MMSE-IRC receiver can effectively suppress gNB-to-gNB CLI, both the UL channel for the desired signal and the spatial characteristics of the interference, i.e., interference covariance matrix , should be estimated accurately. In conventional implementations, both the channel and the interference covariance matrix are estimated based on UL DMRS. In the context of SBFD, this becomes challenging since it suffers from strong gNB-to-gNB co-channel CLI and both the channel estimation and the interference covariance matrix cannot be estimated accurately.
To measure the UL channel without being impacted by gNB-to-gNB co-channel CLI, one potential way is to mute the DL symbol corresponding to UL DMRS. For example, the UL DMRS are allocated in the fourth symbol, as shown in Figure 5, and the fourth symbol in DL subband are muted. Consequently, the UL channel estimation will not be affected by the gNB-to-gNB co-channel CLI. 
To measure the gNB-to-gNB interference covariance matrix without being impacted by accuracy of UL channel estimation, it was proposed to define specific UL muting resources for the interference covariance matrix measurement. Since the UL signal will not be transmitted on these UL muting resources from the UE, and the gNB-to-gNB interference covariance matrix can be accurately measured on these muting resources. An example is shown in Figure 5. Some REs in the first/fifth symbol in UL subband are muted, and gNB can thus measure the gNB-gNB co-channel CLI (PDSCH and PDCCH) in these muting REs with a high precision. For PUSCH with transform precoding enabled, i.e., DFT-S-OFDM, to keep low PAPR, SRS-like comb mapping pattern can be considered. For example, one out of every two REs will be muted. For PUSCH with transform precoding disabled, i.e., CP-OFDM, SRS-like comb mapping pattern is not necessary, other mapping pattern are possible. Overall, to minimize the specification impact, a unified comb mapping pattern can be considered. 
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[bookmark: _Ref159231866]Figure 5. Resource muting for gNB-gNB co-channel CLI measurement.
· Transparent vs. non-transparent UL resource muting 
In the above analysis, it was assumed that UL muting resource are located within the scheduled bandwidth of the PUSCH. As such, the UE should be aware of the time/frequency location of the muting resources and avoid transmitting on those resources. During the SI stage, in addition to the aforementioned non-transparent UL resource muting by defining RE symbol level rate matching mechanism for PUSCH, transparent UL resource muting were also discussed.
One possible way to realize transparent UL resource muting is gNB does not schedule the resource. In current specification, TDRA is continuous, and a UE cannot mute a specific symbol in the middle of a PUSCH transmission. As one example, to avoid the strong interference from CSI-RS, the UE has to mute the symbol corresponding to the interference and symbols before or after the interference symbol, it degrades the UL performance significantly. Essentially when the time domain overhead increases, such as when additional symbols are muted, the available time resources for PUSCH transmission decrease, which can lead to decreased UL coverage. This is detrimental to SBFD wherein one of the main benefits is UL coverage. From frequency domain resource allocation point of view, RE-level resource muting is not supported and RB-level resource muting is only supported under certain conditions, i.e. when OFDM waveform and discontinuous FDRA are both supported, RB-level resource muting can be supported by not scheduling some RBs, otherwise, the UE has to mute RB corresponding to the interference and RBs lower or higher than the interference RB, this will further degrade the UL performance. In addition, this kind of RB-level resource muting is for all the symbols, not per symbol. The analysis above show that transparent uplink muting resource by not scheduling the resource is not flexible and very inefficient for gNB-to-gNB co-channel CLI handling.
Another possible way to realize transparent UL resource muting is to reuse cancellation indication (CI) mechanism introduced in Rel-16 URLLC. This method cancels PUSCH transmission on symbols from the earliest canceled symbol to the end symbol of PUSCH when at least one resource block group (RBG) on a certain symbol group is set to be canceled. Similar to the previous discussion, this kind of UL resource muting will cause severe UL coverage loss. In addition, the CI mechanism can only cancel PUSCH transmission when the scheduling DCI is received before DCI format 2_4 which carries the cancellation indication. It is not suitable for handling strong cross-link interference caused by some periodic channels/signals, such as broadcast PDCCH, SSB, SIB. The analysis above show that transparent uplink muting resource by CI mechanism is not flexible and very inefficient for gNB-to-gNB co-channel CLI handling. 
Observation 3: Transparent UL resource muting by either not scheduling mechanism or by CI mechanism is not flexible and very inefficient for gNB-to-gNB co-channel CLI handling.

Performance evaluation
· System level evaluations
In our company contribution [4], system level simulation was conducted to evaluate the performance of UL resource muting based scheme for measuring gNB-to-gNB CLI interference covariance matrix. And the evaluation results have been captured in Section 7.4.2 in TR38.858 [2]. In addition to our proposed scheme based on non-transparent uplink resource muting, we also evaluated schemes based on transparent UL resource muting. Our evaluation results show that UL resource muting based gNB-gNB CLI handling can achieve considerable gain in terms of UL average UPT, UL average latency and UL coverage. Moreover, comparing with transparent UL resource muting, non-transparent UL resource muting achieved larger gain.
· Link level evaluations
In our company contribution [3], link level simulation was conducted to evaluate PUSCH coverage gain achieved by UL resource muting based scheme for measuring gNB-to-gNB CLI interference covariance matrix. And the evaluation results have been captured in Section 7.3.2 in TR38.858 [2]. Our evaluation results show that without any gNB-to-gNB CLI handling, the PUSCH coverage gain achieved by SBFD is very limited, even negative in case of SBFD of XXXXX. After applying UL resource muting based scheme, significant PUSCH coverage gain can be achieved by SBFD, the number can be up to 3.0 ~ 6.7 dB.
Observation 4: UL resource muting based schemes is beneficial for SBFD and non-transparent UL resource muting based schemes can achieve larger gain than transparent UL resource muting based schemes.

Specification impact
For non-transparent UL resource muting based schemes, the potential specification impact is to introduce rate matching mechanism with RE symbol level granularity for PUSCH. To be specific, for PUSCH with transform precoding enabled, i.e., DFT-S-OFDM, to keep low PAPR, SRS-like comb mapping pattern can be considered. In addition, to reduce the negative effect caused by the muting resource overhead, in the muting symbols, UE can perform power boosting on the remaining REs to keep the total transmission power unchanged across different symbols. Considering that in current specification, DL rate matching mechanism with RB symbol level granularity and DL rate matching mechanism with RE symbol level granularity have been supported, so we believe the specification impact is moderate and acceptable.
Proposal 6: Support non-transparent UL resource muting based scheme and introduce rate matching mechanism with RE symbol level granularity for PUSCH.
· SRS-like comb mapping pattern can be considered.

2.1.1 Power domain based schemes
gNB Tx power adjustment
gNB Tx power back-off was proposed as one candidate solution to mitigate gNB-to-gNB co-channel CLI. However, reducing gNB Tx power will degrade the DL performance which is typically not recommended from DL coverage point of view, especially considering that most of the traffic nowadays are generated from indoor. One may also need to consider the impact of gNB Tx power backoff to legacy UE performance. In addition, we should make it clear which DL channels/signals power can be reduced. If the power of SSB or CSI-RS is reduced, it may cause a large impact on UE RRM measurement as well as CSI measurement, beam management, RLM, mobility and so on. If the power of PDSCH or PDCCH is reduced, in our view, it can be up to gNB implementation.
In addition, although DL transmission of one gNB will generate gNB-to-gNB co-channel CLI to the UL reception of another gNB, the DL reception at the UE under the former gNB may also be impacted by the UL transmission at UE under the latter gNB. Reducing gNB DL Tx power will further degrade the DL performance served by another gNB, which may be not acceptable. Moreover, it seems difficult to judge which transmission should be prioritized, reducing DL Tx power seems to imply the UL transmission more prioritized, which may not work well in reality.
Proposal 7: Reducing DL Tx power will cause negative impact on DL performance, thus should be deprioritized. 

UL Tx power adjustment
During the SI phase, applying separate open-loop/closed-loop power control parameters for symbols with co-channel CLI and symbols without co-channel CLI have been studied. In our view, generally it is not a good idea to mitigate the gNB-to-gNB CLI by increasing UE Tx power. Although applying separate open-loop/closed-loop power control parameters can increase the UL reception power on symbols with co-channel CLI, the UE-to-UE co-channel CLI as well as the UE-gNB interference will also be increased. So whether the overall performance will be improved or not is not clear. Moreover, for UE-to-UE CLI handling, one proposed solution is reducing the aggressor UEs’ Tx power. These two solutions are contradictory. It may be difficult for gNB to judge which transmission should be prioritized. In addition, it is not always feasible to increase UE Tx power, especially for the UEs at cell edge whose Tx power have reached maximum already. 
Observation 5: For gNB-to-gNB CLI handling, increasing UL Tx power will have cause negative impact on DL performance, thus may not be feasible.

UE-to-UE co-channel CLI handling schemes
During the SI phase, several UE-to-UE co-channel CLI handling schemes have been studied. The analysis and evaluation results from companies have been captured in Section 7.4.3 and Section 8.4 in 38.858 [2]. In this section, we have a recap of these schemes and provide some detailed analysis on their principles, performance evaluations, and potential impact on specifications.
2.2 
2.3 
Coordinated scheduling in time and frequency
Basic principle
Different UEs can be scheduled in different time and frequency resources to avoid or mitigate the UE-to-UE CLI. Coordinated scheduling is only possible at low and medium loads. Similar to the analysis in section 2.1.1.2, both dynamic coordinated scheduling and semi-static coordinated scheduling can be considered. For semi-static coordinated scheduling, UE-to-UE CLI measurement and reporting is needed and the time-frequency partitioning between the UEs (with strong inter-UE CLI) should be known to the gNBs. The victim UE and aggressor UE with strong CLI can be scheduled in the slot without CLI. While for the dynamic coordinated scheduling, the scheduling grant should be also known to the gNBs (candidate scheduled UE, the PRBs allocated for the candidate scheduled UEs), which requires quite some information exchange over the backhaul between the gNBs, or the gNBs are co-located and scheduling can be done jointly (e.g., the gNBs are provided by the same vendor). As another aspect, for the coordinated scheduling, it seems that the large scale fading between the UEs are sufficient, because the CLI are more dependent on the distance between the UEs. L3 based UE-to-UE CLI measurement and reporting seems sufficient for such coordinated scheduling purpose. For L1/L2 UE-to-UE interference measurement and reporting, it was concluded that it can be optimized for short term interference measurement and for low latency. Meanwhile, it was also concluded that L3 based measurement and reporting can be used for similar purposes. 
Performance evaluation
In our company contribution [3], both L3 UE-to-UE CLI measurement based coordinated scheduling and L1 UE-to-UE CLI measurement based coordinated scheduling were evaluated in system level simulation. And the evaluation results have been captured in Section 7.4.3 in TR38.858 [2]. Our evaluation results show that L3 UE-to-UE CLI measurement based coordinated scheduling has similar DL average-UPT gain compared to L1 UE-to-UE CLI measurement based coordinated scheduling for all load levels. 
Observation 6: L3 UE-to-UE CLI measurement based coordinated scheduling has similar DL average-UPT gain compared to L1 UE-to-UE CLI measurement based coordinated scheduling for all load levels.

Specification impact
The potential specification impact is to define UE-to-UE CLI measurement and reporting procedure and information exchange of the UE-to-UE CLI measurement resource configuration and/or CLI measurement reports between gNBs. 
For L1/L2 UE-to-UE CLI measurement and reporting, at least the following have been identified:
· For UE-to-UE CLI measurement
· Define measurement resource and metric;
· reusing existing channel(s)/signal(s)/measurement resource(s), such as SRS resources for SRP-RSRP measurement, CLI-RSSI resources for CLI-RSSI measurement;
· define new measurement signal(s)/resources;
· Define measurement resource type, such as periodic, semi-persistent, or aperiodic measurement resource;
· Define measurement behavior for SBFD, at least including the following candidate methods:
· 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;
· For UE-to-UE CLI measurement reporting
· Define measurement reporting type, such as periodic, semi-persistent, aperiodic or event triggered reporting;
· Define reporting framework, such as reusing legacy CSI reporting framework or introduce separate UE-UE CLI reporting framework, the priority between legacy CSI reporting and CLI reporting;
· Define reporting behavior for SBFD in case of {DUD}, at least including the following alternatives:
· 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;
For L3 UE-to-UE CLI measurement and reporting, it can be supported by existing specification with some necessary enhancements, e.g., measurement behavior for SBFD, reporting behavior for SBFD in case of {DUD}.
Based on the above discussion, considering the potential specification effort and achieved performance gain, it is suggested to deprioritize L1/L2 based UE-to-UE interference measurement and reporting. 
Proposal 8: Support L3 based UE-to-UE CLI measurement and reporting with some necessary enhancements and deprioritize L1/L2 based UE-to-UE CLI measurement and reporting.

Spatial domain coordination
Basic principle
In FR1, similar to the spatial domain enhancement for gNB-to-gNB CLI handling, coordinated beamforming at the aggressor transmitter can also be used to suppress the interference to the victim. The basic idea is that the aggressor UE takes the potential impact to the victim UEs into account when calculating the uplink precoding. However, considering that number of transmitting antennas of UE is small, the performance gain of coordinated beamforming is limited and the UL performance would be affected. Thus, coordinated beamforming may be not suitable for UE-to-UE CLI handling in FR1.
In FR2, with the beam training between the aggressor and the victim, the CLI strength of each beam pair can be obtained. The information exchange between the gNBs, such as the CLI strength of beam pair that is over threshold A/below threshold B and the preferred Tx beams for each receive beam can be used to avoid the low isolation beams being used for aggressor UE and victim UE. Besides, during the coordination, the preferred Tx beams of candidate scheduled aggressive UE and preferred Rx beams of the candidate victim scheduled UE should also be exchanged among gNBs for Tx beam/Rx beam pairing. Considering the beam coordination, the Tx beam of aggressor UE in the slot with CLI might be different from the slot without CLI. As another aspect, the Tx beam/Rx beam indication is flexible in the current standard. For example, the field SRS resource indicator (SRI) in DCI 0-1 can dynamically indicates the Tx beam of UE, and the transmission configuration indicator (TCI) in DCI 1-1 can dynamically indicates the Rx beam of UE. The remaining issue is how to select the Tx beam/Rx beam according to the performance.
Performance analysis
During the SI stage, performance of spatial domain coordination for UE-UE CLI handling has not been evaluated. In general, it is beneficial of reducing UE-to-UE co-channel CLI, the performance may depend on UE implementation and gNB scheduler implementation.
Specification impact
The potential specification impact is to define beam based UE-to-UE CLI measurement and reporting and information exchange of the UE-to-UE CLI measurement resource configuration and/or CLI measurement reports between gNBs. Overall, spatial domain coordination can be viewed as a further optimization of the L1/L2 UE-to-UE CLI measurement/reporting or L3 UE-to-UE CLI measurement/reporting. Given the gNB and UE implementation complexity and specification impact, we suggest to deprioritize spatial domain coordination for UE-to-UE co-channel CLI handling.
Proposal 9: Spatial domain coordination is deprioritized for UE-to-UE co-channel CLI handling.

Power domain based schemes
Similar to the power control-based solution for gNB-to-gNB CLI handling, it is possible to reduce UE UL transmission power to avoid strong CLI to its neighbor UEs performing DL reception. However, the reduced UL transmission power may cause UL performance degradation. And as discussed in power control based solution for gNB-to-gNB CLI handling, these two solutions are contradictory. It may be difficult for gNB to judge which transmission should be prioritized. Furthermore, the current specification supports a very flexible power control mechanism. The further potential enhancement for power control-based solution seems not necessary.
Observation 7: For UE-to-UE CLI handling, power control based schemes may not be feasible and necessary.

Conclusions
In this contribution, we provide our proposals and observations on CLI handling schemes:
Observation 1: Beam nulling is beneficial to reduce the blocking at gNB sides
· Compared with the gNB-to-gNB steering vector based scheme, the gNB-to-gNB channel measurement based scheme has a better flexibility to solve the blocking issue.
Observation 2: For gNB-to-gNB channel/CLI measurement, the specification impacts are similar, i.e., information exchange of measurement resource configuration and the normative work is mostly in RAN3.
Observation 3: Transparent UL resource muting by either not scheduling mechanism or by CI mechanism is not flexible and very inefficient for gNB-to-gNB co-channel CLI handling.
Observation 4: UL resource muting based schemes is beneficial for SBFD and non-transparent UL resource muting based schemes can achieve larger gain than transparent UL resource muting based schemes.
Observation 5: For gNB-to-gNB CLI handling, increasing UL Tx power will have cause negative impact on DL performance, thus may not be feasible.
Observation 6: L3 UE-to-UE CLI measurement based coordinated scheduling has similar DL average-UPT gain compared to L1 UE-to-UE CLI measurement based coordinated scheduling for all load levels.
Observation 7: For UE-to-UE CLI handling, power control based schemes may not be feasible and necessary.
Proposal 1: To facilitate effective down-selection, prioritize the CLI handling schemes with performance evaluations.
Proposal 2: Support gNB-to-gNB channel measurement based beam nulling to suppress gNB-gNB co-channel CLI.
Proposal 3: For gNB-to-gNB channel measurement, support information exchange of measure resource configuration between gNBs.
Proposal 4: Support CSI-RS port expansion to facilitate gNB-to-gNB channel measurement, considering the following gNB-to-gNB channel characteristics to reduce the overhead of CSI-RS:
· gNB-to-gNB channel has a larger coherent time than gNB-UE channel.
· gNB-to-gNB channel has a larger coherent bandwidth than gNB-UE channel.
Proposal 5: For gNB-to-gNB CLI measurement, support information exchange of measurement resource configuration, e.g., NZP CSI-RS, between gNBs.
Proposal 6: Support non-transparent UL resource muting based scheme and introduce rate matching mechanism with RE symbol level granularity for PUSCH.
· SRS-like comb mapping pattern can be considered
Proposal 7: Reducing DL Tx power will cause negative impact on DL performance, thus should be deprioritized. 
Proposal 8: Support L3 based UE-to-UE CLI measurement and reporting with some necessary enhancements and deprioritize L1/L2 based UE-to-UE CLI measurement and reporting.
Proposal 9: Spatial domain coordination is deprioritized for UE-to-UE co-channel CLI handling.
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Annex A
Coordinated beamforming (CBF), also referred to as beam nulling between gNBs, can be used to handle the blocking issue at gNB sides. The basic principles of CBF are described as follows.
· CBF#0 (CBF based on gNB-to-gNB steering vector):
· Step 1: Calculate the initial precoder  at the gNB of aggressor based on the channels  from this gNB to its served UE, where  is the right-singular vectors of , , and  is the number of UEs severed in this gNB.
· Step 2: Calculate the steering vectors  between the gNB of aggressor and the gNB of victim, where the steering vectors can be obtained based on 2D DFT precoder as follows:

· The length of  is , where  is the number of TXRU in vertical domain in one polarization.
· The length of  is , where  is the number of TXRU in horizontal domain in one polarization.
·  (vertical weight vector) for  is given by
, 
·  (horizontal weight vector) for  is given by
, 
· where  is distance between two adjacent TxRUs in vertical domain,  is distance between two adjacent TxRUs in horizontal domain,  and  are zenith angle and azimuth angle, respectively, in the LCS at the gNB of aggressor to point to the gNB of victim directly.
· Step 3: Calculate the final precoder  at the gNB of aggressor based on zero-forcing (ZF) algorithm, , as follows:

where,
· ,
· .
In CBF#0, 4 adjacent gNBs of victim affected most seriously by a gNB of aggressor are considered.
· CBF#1 (CBF based on gNB-to-gNB channel measurement):
· Step 1: Calculate the initial precoder  at the gNB of aggressor based on the channels  from this gNB to its served UE, where  is the right-singular vectors of , , and  is the number of UEs severed in this gNB.
· Step 2: Calculate the right-singular vectors  of the channel between the gNB of aggressor to the gNB of victim . Here we assume that  is obtained, and only one gNB of victim is considered.
· Step 3: Select the first  columns from , denoted as , where the first  columns of  correspond to the first maximum  singular values of . It means only the maximum -stream interferences from the gNB of aggressor to the gNB of victim are suppressed. If all the interferences are considered, the DL performance will be deteriorated seriously.
· Step 4: Calculate the final precoder  at the gNB of aggressor based on zero forcing algorithm, , as follows:

where,
· ,
· .
In CBF#1, 4 adjacent gNBs of victim affected most seriously by a gNB of aggressor with suppressing a total of 6-stream interferences are considered. 
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