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Introduction
RAN has agreed in RP-220633 a new Study Item on evolution of NR duplex operation with the following objectives [1]:
	The detailed objectives are as follows:
· Identify applicable and relevant deployment scenarios (RAN1).
· Develop evaluation methodology for duplex enhancement (RAN1).
· [bookmark: _Hlk89796625]Study the subband non-overlapping full duplex and potential enhancements on dynamic/flexible TDD (RAN1, RAN4).
· Identify possible schemes and evaluate their feasibility and performances (RAN1).
· Study inter-gNB and inter-UE CLI handling and identify solutions to manage them (RAN1). 
· Consider intra-subband CLI and inter-subband CLI in case of the subband non-overlapping full duplex.
· Study the performance of the identified schemes as well as the impact on legacy operation assuming their co-existence in co-channel and adjacent channels (RAN1).
· Study the feasibility of and impact on RF requirements considering adjacent-channel co-existence with the legacy operation (RAN4).
· Study the feasibility of and impact on RF requirements considering the self-interference, the inter-subband CLI, and the inter-operator CLI at gNB and the inter-subband CLI and inter-operator CLI at UE (RAN4).
· Note: RAN4 should be involved early to provide necessary information to RAN1 as needed and to study the feasibility aspects due to high impact in antenna/RF and algorithm design, which include antenna isolation, TX IM suppression in the RX part, filtering and digital interference suppression.
· Summarize the regulatory aspects that have to be considered for deploying the identified duplex enhancements in TDD unpaired spectrum (RAN4).
Note: For potential enhancements on dynamic/flexible TDD, utilize the outcome of discussion in Rel-15 and Rel-16 while avoiding the repetition of the same discussion.



The following conclusions and agreements were made in RAN1#113 for dynamic TDD enhancements:
	Conclusion
· The L1/L2 based UE-to-UE CLI measurement can be optimized for short term interference measurement
· The L1/L2 based UE-to-UE CLI measurement can be optimized for low latency 
· The L1/L2 based UE-to-UE CLI measurement and reporting can facilitate gNB adjusting UE scheduling for inter-UE CLI reduction
Above does not imply that L3 based measurement and reporting cannot be used for similar purposes.
Agreement
The following conclusion is to be captured in the TR
In the study of gNB-to-gNB co-channel CLI measurement and/or channel measurement, it is assumed that periodic NZP CSI-RS/SSB is the baseline. Also, for the study, it is assumed that both CD-SSB and NCD-SSB can be used for gNB-to-gNB CLI measurement. From the study of gNB-to-gNB co-channel CLI measurement and/or channel measurement, followings are observed:
· gNBs, which measure gNB-to-gNB co-channel CLI using CD-SSBs from neighbor cells, might require muting/skipping some of the CD-SSBs if the time/frequency resource of CD-SSBs for the gNBs is overlapping.
· This approach might at least incur impact on initial access / cell search / RRM measurement performance
· In order to address the above issue, NCD-SSBs can be used for CLI measurement at victim gNBs.
· SSB resources may be useful for coarse tracking of CLI levels 
· NZP CSI-RS resource configurations provided to neighbor gNBs can be used for the purpose of estimating inter-gNB CLI levels.
· NZP CSI-RS resource configurations provided to neighbor gNBs also can be used for the purpose of estimating inter-gNB channel which helps Tx / Rx gNBs perform beamforming to reduce inter-gNB CLI.

Agreement
The following conclusion is to be captured in the TR
From the study of the benefit of knowledge among gNBs of semi-static SBFD time and frequency configuration, followings are observed:
· The knowledge among gNBs of semi-static SBFD time and frequency configuration can be beneficial depending on gNB implementation
Note: As of RAN1#113, there are no evaluation results to verify the magnitude of the benefit
Agreement
The following conclusion is to be captured in the TR
From the study of UL resource muting for gNB-to-gNB co-channel CLI measurement, channel measurement, the followings are observed:
· The UL resource muting can be used to measure the gNB-to-gNB CLI levels with less interference from UL. 
· The UL resource muting can be used to measure the gNB-to-gNB channel with less interference from UL.
· The UL resource muting can be used to measure the gNB-to-gNB CLI interference covariance matrix with less interference from UL.
Note: Above can be done using current specification which supports transparent UL resource muting with gNB scheduling
Note: UL resource muting could incur UL performance loss




This contribution analyses the handling on cross-link interference (CLI) for dynamic TDD deployments. It includes means to measure the gNB-to-gNB CLI and enhancements to combat it. Similarly, proposals to enhance the existing measurement and reporting UE-to-UE CLI framework as well as several enhancements are also discussed. The proposed enhancements are applicable to mitigate the co-channel intra-band CLI for SBFD deployments.
gNB-to-gNB CLI measurements and reporting
Given the support for CD- and NCD- SSBs, and the already supported NZP-CSI-RS, there are currently 3 candidate DL reference signals to measure the gNB-to-gNB co-channel CLI. In this section, we present our views on SSB and NZP CSI-RS where information exchange between gNBs on the configured CLI-RS and measurement resources is required for the feasibility of the gNB CLI measurements. 
For the SSB-based measurements, the measuring gNB must be informed about, at least, the SSB periodicity (ssb-Periodicity) and candidate positions within an SSB burst with active transmissions (ssb-PositionsInBurst). This assumes that all cells have the same SSBs frequency configuration as well as the same sub-carrier spacing (SCS). Otherwise, parameters such as absoluteFrequencySSB and offsetToPointA should be indicated. This information is expected to be signalled over the Xn interface. It is also important to highlight that a gNB, which measures gNB-to-gNB co-channel CLI using CD-SSBs from neighbor cells, might require muting/skipping some of the CD-SSBs if the time/frequency resources of the CD-SSBs for the gNBs is overlapping. This can ultimately impact the initial access, cell search and/or RRM measurements at the UE.
Compared to the SSBs, CSI-RS configuration is more flexible and supports periodic, semi-periodic and aperiodic transmissions. Additionally, time and frequency resource configurations are quite flexible. It is typically assumed that CSI-RS transmissions use narrower beams compared to SSB transmissions. Moreover, CSI-RS transmissions are precoded using the same set of precoders than the ones used for PDSCH transmissions, which at the end is one of the most frequent source of cross-link interference in a dynamic TDD deployment. For the CSI-RS based measurements, the measuring gNB must know the parameters associated to the NZP CSI-RS resource set configured for CLI measurements. This comprises, at least, the following information: time domain location within a slot, periodicity and offset, number of ports, density, etc. The TCI state is also relevant as it defines the pairs of reference signals used for QCL indication. According to TS 38.214, for QCL type-D, SSBs are the only source RSs that can be used during the CSI-RS configuration. This information assists the measuring gNB on selecting the spatial filter that should apply for the CSI-RS based measurements. However, without prior knowledge of the SSB and the corresponding measurements, the QCL information on the measuring gNB does not provide any advantage. The following procedure is proposed to solve this problem.
A 2-step measurement could be adopted for the gNB measurements. Firstly, the measuring gNB uses SSBs to identify the aggressor(s) gNBs and disregard those gNBs that generate low or negligible CLI. At the end of this step, the measuring gNB will report the DL beam and its corresponding measured RSRP. The measuring gNB can use the same approach as in ResultsPerSSB-IndexList to report a set of ssb-Index and their corresponding ssb-Results, e.g., the measured RSRP. The DL beam index will be identified based on the position of the SSB within the SSB burst. In the second step, the aggressor gNB will configure NZP CSI-RS resources which are intended to fine tune the CLI measurements of the first step. The measuring gNB will then perform measurements on the CSI-RS resources assuming QCL type-D with the previously reported SSB. The measuring gNB can also use narrower beams during this step (similar to P3 procedure in beam management). As result of this step, the measuring gNB reports the CSI-RS resource or set of CSI-RS resources with the highest RSRP (the measured RSRP can be included as part of the report). As already agreed in RAN#112, the NZP CSI-RS resource indicator shall be used in the reporting to identify the CSI-RS transmissions.
It is worth mentioning that during this procedure, the measuring gNB should be able to identify each of the neighbour gNBs and individual CSI-RS resources. Therefore, we propose to use RSRP as the measurement metric for the CLI measurements. During the procedure above, the measurement resource configuration and the measurement reports are transmitted over the Xn interface. The procedure increases the efficiency of the measurements since the gNBs do not blindly measure all the possible SSBs and the CSI-RS transmissions associated to each SSB. Instead, only CLI measurements considered as relevant after disregarding the SSB measurements with low or negligible CLI in the 1st step are considered in the 2nd step.
Currently, only periodic CLI-RS are agreed to be used for gNB-gNB CLI measurements. Due to the rather static properties of the channel between aggressor and victim gNBs, we are generally fine with having this as baseline and other types of measurements such as aperiodic or semi-persistent can be considered with lower priority. Regarding the reporting, at least, periodic, event-triggered reporting should be supported. In our view, event-triggered reporting can give a good compromise between the amount of information exchange and availability of the measurements. Similar to the event-triggered reporting for UE-to-UE CLI measurements, a gNB can decide whether or not to report the measurements based on certain pre-configured threshold.
It is essential for the gNB CLI measurements that the measuring/victim gNB is informed about the CLI-RS configuration over the Xn interface. This applies to both CLI-RS candidates, the SSB-based and CSI-RS-based measurements.
gNB-to-gNB CLI measurements to follow a 2-step procedure. In the first step, gNBs use SSBs to obtain a course per-SSB CLI estimation. On a second step, CSI-RS are used to fine-tune the initially measured CLI levels.
Periodic, and event-triggered reporting should be supported for gNB-to-gNB CLI measurements.

gNB-to-gNB CLI mitigation schemes
In this section, we present our views on advanced gNB receivers, power control-based solutions, spatial coordination and coordinated scheduling. The section also gives an overview of the LLS and SLS results for several of the schemes.
Advanced gNB receivers
As discussed in the previous section, the victim gNB can perform gNB-to-gNB CLI measurements based on the transmitted CLI-RS configuration from other links to identify the set of potential aggressors. Based on this information, interference mitigation schemes such as advanced receivers can be applied at the victim gNB. In particular, linear receivers such as enhanced interference rejection combining (E-MMSE-IRC) receivers can be tailored to combat the gNB-to-gNB CLI. 
The demodulation performance of an E-MMSE-IRC receiver can be improved by having assistance information that e.g., expresses some apriori information of the signal characteristics of the CLI signal from the aggressor cell. Building on the design principles of network assisted covariance estimation methodologies (such as NAICS), the serving cell has knowledge about reference signals and precoding matrices used in neighbouring cells. Therefore, the covariance estimation relies on the knowledge obtained from the reference signals used by the aggressor gNB(s). Our results [R1-2207268] show promising gains using linear receivers such as E-LMMSE-IRC, which explicitly considers interferer channel estimates from other links. Therefore, we suggest to further study the performance of advanced receivers during the SI and eventually specify the required inter-gNB signalling during the consequent WI phase.
E-LMMSE-IRC should be considered as a possible solution for CLI mitigation, potentially assisted through information exchange of the CLI aggressor characteristics over the Xn interface (or the F1 interface in case of gNB-split architectures). 
Additionally, multiple companies are proposing UL muting aiming for a more accurate gNB-to-gNB CLI measurements. Along the same lines, UL muting could help improving the accuracy of the receiver estimation to suppress or cancel the interference. In particular, the victim gNB can signal an UL muting pattern to the UE in the victim cell based on the assistance information from aggressor gNB(s) such as the interference covariance matrix estimation is enhanced at the victim gNB. Therefore, the UE will not transmit in the resources indicated by the victim gNB and therefore, there is no resources colliding with aggressor gNB(s) RS resources used for interference estimation. For this purpose, CSI-RS could be used for measuring the long-term characteristics of the interference and build the covariance matrix while the DMRS is commonly used for channel estimation and, it could be also used to estimate and build the interference covariance matrix and improve the accuracy of an E-MMSE-IRC receiver. The required information from aggressor gNB(s) should be signalled to assist the victim gNB such as scheduling information, periodicity and slot offset, RS port and sequence configuration among others. 
Observation 1: Existing DL RSs (e.g., CSI-RS) can be used for gNB-to-gNB CLI channel interference measurements.
Signal UL muting patterns to UEs in the victim cell to enable interference channel estimation and cancellation schemes based on advanced receivers, potentially assisted through information exchange of the CLI aggressor characteristics over the Xn interface.
We have performed initial link level evaluations, as captured in our previous tdoc [R1-2301571], with and without UL muting resources such as that the interference from aggressor gNB(s) is estimated at the victim gNB with and without UL muting resources by the UE in the victim cell. The signal processing approach to estimate a desired signal is based on E-MMSE-IRC receiver where receiver linear detection is applied to the desired signal based on the generic form of the covariance matrix estimate needed in interference-suppressing demodulation. In this case, the simulations are performed considering two aggressor gNB(s) in the system where interference models are developed based on system level simulations under HetNet scenario simulation assumptions (TR 38.828) as described in [R1-2207268]. Based on results shown in [R1-2301571], it is highlighted that a performance improvement of ~0.5dB is observed between both configurations (w/ and w/o UL muting) for an E-LMMSE-IRC receiver.
Observation 2: Link-level simulations show that UL muting helps improving the accuracy of the receiver estimation to suppress or cancel the interference.
The importance of advanced receivers at the gNB has been evaluated also with system-level simulations. Considering a 2-layer Scenario we simulate different UL receivers at the indoor layer, i.e., Layer-2. The performance analysis is presented in Figure 1. The first simulated receiver is denoted as LMMSE-IRC and considers ideal interference estimation of the UL intra- and inter-cell interference. However, it assumes that the gNB-to-gNB interference covariance matrix can’t be estimated and therefore it is not used as input for the gNB’s receiver. The next case further improves the receiver capabilities, and it assumes that the victim gNB is able to estimate the gNB-to-gNB interference covariance matrix based on UL DMRS. To obtain such estimation, it is assumed that the victim gNB uses a clean channel estimation based on the UL DMRS and subtracts it to the channel estimation of the UL DMRS contaminated with gNB CLI. This method can be approximated as Wishart distribution as described in (TR 36.829). This type of receiver is denoted as Wishart E-LMMSE-IRC in the figure. In the simulations, we also assumed that the intra- and inter-cell interference is modelled in the same manner for this receiver. As a further improvement for the UL receiver, we assume the case where the gNB CLI interference covariance matrix can be ideally estimated. This case could resemble the Rel-18 dynamic TDD scenario where the victim gNB uses dedicated resources specifically for such gNB-to-gNB CLI measurements, i.e., SSBs or NZP-CSI-RS of the aggressor gNB. To show the system performance of the transparent and non-transparent UL muting, we study the following. One case in which 1 OFDM symbol for the PUSCH is punctured (resembling the transparent muting) and another case in which no losses are expected on the PUSCH resources (resembling the non-transparent muting). The latter case corresponds to an upper bound of the non-transparent muting since we should expect certain UL throughput losses due to muting of RB/RE that overlap with the SSB/CSI-RS resources of the aggressor gNB.
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[bookmark: _Ref142585950]Figure 1. Layer-2 DL and UL average UPT performance with baseline dynamic TDD (Rel-17) and dynamic TDD with advance receivers.
Figure 1 shows the performance of the indoor layer in terms of UL and DL average UPT. First of all, we want to mention that the figure represents the throughput for the indoor layer UEs. However, indoor UEs can end up connected to macro cells. This is the reason why the 5th percentile of the throughput shows such low numbers for the Layer-2 performance. Conclusions are therefore drawn from the 50th and 95th percentile performance. Error! Reference source not found.Figure 1 shows the importance of the availability of the gNB-to-gNB interference covariance matrix on the UL performance as the LMMSE-IRC receiver shows the worst of the UL performances. The introduction of E-LMMSE-IRC improves the performance by up-to 33% percent at high SINR conditions and medium load. While having the gNB-to-gNB interference covariance matrix ideally available at the victim gNB with non-transparent UL muting provides the best performance and it shows up to 2 times performance improvement for the 50th percentile. The effect of the transparent vs non-transparent UL muting is also visible on the UL UPT. The transparent UL muting exhibits a performance degradation of 7% to 10% as compared to non-transparent UL muting due to the UL PUSCH resources penalty. As expected, the DL UPT is not affected by the UL receiver assumptions.
Observation 3: Advanced receivers are shown to improve the UL UPT baseline performance of the indoor layer in a 2-layer Scenario. An accurate estimate of the gNB-to-gNB cross-link interference covariance matrix is key to improve the UL performance.
Power control-based solutions
Leveraging from the power domain is a valid tool to mitigate the gNB-to-gNB CLI. One option is to boost the transmit power to UEs allocated in uplink during slots with CLI – assuming they are not power limited. Other solution is to support on-demand aggressor gNB transmit power reduction. Both solutions are explained in detail below.
UL power control optimization
During the Release 16 URLLC discussions, 3GPP agreed on the support of multiple p0 values as part of the power control configuration for scheduled uplink transmissions. At that time, the motivation for introducing this functionality was the multiplexing of eMBB and URLLC traffic. Now, this setting can be used to reduce the impact of the gNB-to-gNB CLI. A victim gNB could configure different p0 parameters via the RRC parameter P0-PUSCH-AlphaSet. In slots with expected CLI from neighbour gNBs, the victim gNB could indicate in the DCI that a given UE shall transmit with a higher pre-configured p0. Using a higher p0 will increase the received power at the victim gNB, which results in higher UL SINR. The attractive of this mechanism is that is can be implemented without new information exchange between gNBs. 
As a drawback, this scheme might increase the UE-to-UE cross-link interference towards neighbour cell UEs receiving in DL, potentially affecting the DL performance. If the UE-to-UE CLI becomes a problem, already standardized Release-16 and/or new Release 18 mechanisms can be used to measure and report the UE-to-UE CLI such that the serving gNB can act accordingly. 
Observation 4: Uplink power control specifications have high degree of flexibility; current specifications allow that a UE can be configured with multiple p0 values.

This scheme has been evaluated by system-level simulations. In this case, we assume a 2-layer Scenario in which the victim gNBs configures 2 sets of UL open-loop power control parameters, each of them for different interference conditions. In slots with presence of cross-link interference, the UEs adopt the power control settings that results in higher power spectral density (higher p0). We assume that the path-loss compensation parameter (alpha) is equal to 0.8 and 0.6 for Layer-1 and Layer-2, respectively. The power control configuration for legacy slots is p0 = -80 dBm and p0 = -60 dBm for Layer-1 and Layer-2, respectively. Layer-2 UEs apply a positive offset of {5, 10, 15} dB to obtain the p0 to be used during slots with presence of cross-link interference. Figure 2 shows the performance at the Layer 2 for both UL and DL UPT. Looking first at the UL UPT, we can see that applying an offset of 5 dB, i.e., using a p0 of -55 dBm, brings a performance improvement at any of the considered loads and percentiles. Specifically, we observe an average improvement of 33%, 56% and 15% for the low, medium, and high loads. At low loads, the gNB-to-gNB CLI is not critical but still increasing the power per RB target improves the UL SINR and therefore the throughput. For medium and high loads, the gNB-to-gNB CLI starts to become a bottleneck and this scheme helps alleviating the problem. It is also observed that further increasing p0 only brings none or marginal performance benefits. The reason for this is that the users start to become power limited as the 23 dBm maximum transmit power is reached. On the DL, the scheme shows a small UPT degradation (around 3%) because of the presence of the UE-to-UE CLI.
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[bookmark: _Ref142586616]Figure 2. Layer-2 DL and UL average UPT performance with baseline dynamic TDD (Rel-17) and dynamic TDD with UL power control optimization
Observation 5: Having separate UL open-loop power control configurations for different slot types is seen as beneficial as it increases the UL UPT by 30% on average while the DL UPT is only decreased around 3% due to increased UE-to-UE CLI. 

Downlink transmit power adjustment
Victim gNBs can on-demand indicate the need for an adjustment/reduction of the transmit power at specific slots to the identified aggressor gNB(s). Reducing the aggressor cell transmit power will help lowering the gNB-to-gNB CLI, and thereby improve the victim cells uplink received SINR. On the other hand, one should carefully consider the effects on the aggressor cell due to downlink power decrease. The adopted back-off power at the aggressor gNB should be within acceptable margins such that the DL performance of the cell and coverage is not significantly hinder.
Adopting this scheme requires standardisation effort and it can’t be left up to gNB implementation. In fact, this power reduction indication information exchange between gNBs would be transmitted via the Xn interface or the F1 interface in case of gNB-split architecture. Current specifications do not support this type of signalling and therefore, enhancements on the backhaul signalling between gNBs is required. Regarding the details in the signalling exchange, the IAB discussions on DL power adjustment can be taken as a starting point. Using the IAB paradigm, an aggressor gNB could send a desired DL Tx power adjustment information element (IE) to the aggressor gNB, indicating, among others, the desired transmit power for certain slots. As a response, the aggressor gNB triggers a DL Tx power adjustment IE to inform the victim gNB about the applied power backoff.

Enhancements on the signaling between gNBs is required to inform about the desired power reduction at the aggressor(s) cells. 
To understand the trade-offs between the gains in UL throughput at the victim cells and the penalties in the DL throughput at the aggressor cell, system-level simulations for 2-layer Scenario were conducted. In these simulations, the macro gNBs decrease their Tx power by {3 dB, 6 dB, 10 dB} during all the CLI slots, although it is more reasonable that in real deployments the power reduction is performed on-demand basis and not in every CLI slot. Figure 3 shows the indoor office average UPT performance in DL and UL for the considered power back-off values. The benefits of this scheme are visible at the UL UPT for any of the considered percentiles and offered loads, highlighting the presence of gNB-gNB CLI for all cases. As expected, the most benefit is achieved with the highest DL TX power back-off, around 25% with respect to baseline. At the same time, the DL performance of the Layer-2 is not affected by the adopted power backoff at the macro gNBs.
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[bookmark: _Ref142587173]Figure 3. Layer-2 DL and UL average UPT performance with baseline dynamic TDD (Rel-17) and dynamic TDD with DL power back-off
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[bookmark: _Ref142587343]Figure 4. Layer-1 DL and UL average UPT performance with baseline dynamic TDD (Rel-17) and dynamic TDD with DL power back-off

Figure 4 presents the Layer-1 average UPT performance in DL and UL for the considered power back-off values. We don’t observe any drastic changes on the performance in either DL or UL. As expected, the cell-edge/indoor UEs are the most vulnerable to this scheme. Thus, the highest performance degradation is observed at 5% percentile DL UPT where the DL throughput is decreased by 2% for a DL power reduction of 10 dB. 
Observation 6: System-level simulations show that adjusting the gNB transmit power is a relevant scheme for gNB CLI mitigation. However, the effects on the macro gNB should be carefully considered.

Spatial domain enhancements
One of the spatial domain solutions to mitigate the gNB-to-gNB CLI is the adaptation of the aggressor DL precoding to account for the interference generated towards the victim gNB. The mechanism uses measurements to be able to generate beam nulls on the direction of the victim gNB. Specifically, it needs the knowledge of the complex radio channel response between the victim and aggressor gNBs. To obtain it, the simplest option is that the aggressor gNB directly estimates the channel matrix response towards the victim gNB using reference signals transmitted by the victim. This assumes that the channel reciprocity holds and requires that the aggressor gNB is in Rx mode while the victim gNB is in Tx mode. The latter condition is however difficult to achieve in a common scenario in which aggressor gNB adopts static DL-heavy TDD frame configuration and victim gNB adopts UL-heavy TDD or dynamic TDD. If that is the case, the victim gNB should measure the complex channel matrix and report the result back to the aggressor gNB.
Observation 7: In scenarios where aggressor gNBs are using static DL-heavy TDD frame configurations, the victim gNB should measure the complex channel matrix and report it back to the aggressor for future precoding matrix adaptation/beam-nulling.

Another option within the spatial coordination enhancements is to use recommended/restricted beams between a pair of gNBs. First, the gNB should be able to individually measure the received power of each of the transmit beams of the multiple neighbour gNBs. The gNB could follow the 2-step procedure explained in Section 2 for that purpose. After identifying the beams with highest received power, the victim gNB can indicate over the Xn interface the most interfering beams, i.e., the prohibited beams, or the least interfering beams, i.e., the desired beams. An aspect to consider is the trade-off between reducing the CLI and degrading the downlink performance. The aggressor gNB should ultimately decide which subset of the available downlink beams will not be used and it should communicate this information to the corresponding victim gNB. 
Observation 8: Applying restrictions of a large set of the downlink beams might result in large downlink performance degradation on the aggressor gNB.
Exchange of the SBFD time/frequency configuration
After RAN1#113 meeting, the following agreement was reached regarding the exchange of SBFD time/frequency configuration:
	Agreement
The following conclusion is to be captured in the TR
From the study of the benefit of knowledge among gNBs of semi-static SBFD time and frequency configuration, followings are observed:
· The knowledge among gNBs of semi-static SBFD time and frequency configuration can be beneficial depending on gNB implementation
Note: As of RAN1#113, there are no evaluation results to verify the magnitude of the benefit



The exchange of the SBFD time/frequency configuration information can be seen as equivalent to the TDD-UL-DLConfigCommon IE agreed for dynamic TDD and in our view it is relevant and beneficial to support it. On the time domain, the information on when neighbour cells are expected to transmit using TDD or SBFD slot is quite useful. For instance, one could think that there will be a significant difference on the interference power depending on the type of slot. Therefore, the gNBs can anticipate the expected interference and, for instance, adjust their own scheduling parameters based on it. On the frequency domain, the knowledge of the sub-band split of the different gNBs can help in performing coordination between neighboring cells. Achieving perfect subband coordination among the gNBs removes any intra-subband cross-link interference and only inter-subband cross-link interference is expected to impair the performance. This is quite beneficial since the interference power due to power leakage from adjacent RBs/subband is expected to be lower than the interference power generated at overlapping RBs. Another benefit is that the gNBs can use this information as assistance for coordinated scheduling mechanisms. For instance, a gNB using TDD can mute the RBs overlapping with the UL subband of a neighbour gNBs to avoid the presence of intra-subband gNB-to-gNB cross-link interference As usual, when discussing this type of information exchange, one should consider realistic Xn interface conditions with non-zero propagation delay. 
We therefore suggest including the following enhancements for the already standardized Xn/F1 signaling of the Intended TDD DL-UL Configuration:
· Expand the Xn/F1 inter-node signaling of Intended TDD DL-UL Configuration to include new flexible SBFD slot formats by enhancing the Slot Configuration List with new sets of parameters for signaling a new Intended flexible radio frame configuration.
· It could include options where certain entries in the Slot Configuration List contain multiple options to indicate to the receiving node that the sending node will dynamically decide on which of those slot formats to use. Enabling fully dynamic slot format selection for a sub-set of the slots.
· This may also include a transmit power control offset for DL resource elements in some slot(s) to indicate a certain transmit power reduction to better be able to e.g., handle gNB self-interference challenges as is a major problem for SBFD or gNB-2-gNB CLI.
· In response of a node having received the new intended flexible radio frame configuration, it may send back a message to indicate if the received configuration is acceptable (say for instance from a CLI perspective), or whether some other configuration is recommended. 
RAN3 will naturally have to be involved in defining such enhanced signaling of the Intended TDD DL-UL Configuration, including smarter coordination between gNBs, and between CU and DUs via the F1 interface, also capturing cases with SBFD slot formats. 
The above is summarized into the following proposal:
Expand the Xn/F1 inter-node signaling of Intended TDD DL-UL Configuration to include at least the following enhancements: (i) new flexible SBFD slot formats, (ii) options to indicate that the sending node will dynamically decide on which slot formats from limited set of formats it will use, (iii) possible transmit power control offsets for DL symbols in some slot(s)
The importance of such exchange of information between gNBs has been evaluated by system-level simulations. In this case, we propose that gNBs can coordinate their transmissions to ensure that cross-link interference from overlapping RBs is avoided. To so do, the gNBs shall communicate their selected frame structure and agree on how to execute the frequency coordination. In our SLS simulations, we assume that gNBs agree to use slots which are assigned in frequency to DL, UL, and guard-band resources in a similar manner as in a SBFD slot. Specifically, the resources in frequency domain are split as follows: <ND, NU, NG >=<104, 55, 5>, where ND, NU and NG refer to the resources in downlink, uplink, and guard bands respectively. This slot type is denoted as “F”. Furthermore, we assume that Layer-1 gNBs assume static TDD [DDDSU] while the Layer-2 gNBs use [DDFFU]. During “F” slots, Layer 2 gNBs prioritizes UL scheduling in case that DL and UL traffic is available for transmission at gNB and UEs buffers. In case that a traffic from a single direction is available, gNBs will use the corresponding resource in the given “F” slot. The Layer-1 gNBs will ensure that there is no DL transmission scheduled on the legacy TDD DL slots that overlaps with the UL resource of the “F” slots of the Layer-2 gNBs. 
Figure 5 shows the average DL and UL UPT for the indoor layer in a 2-layer Scenario and compares Rel-17 dynamic TDD against dynamic TDD adopting frequency coordination. Not accounting for the inter-subband interference represents an upper bound of this scheme and it is denoted as frequency coordination (ideal) in the figure. Focusing first on the UL performance, we observe that frequency coordination improves the performance at medium and high loads for the 50th and 95th percentiles. The scheme is shown to provide 20% and 53% at the 50th percentile for medium and high load respectively. The higher is the offered load, the higher is the probability of being impacted by gNB-to-gNB CLI when selected an UL heavy TDD configuration in dynamic TDD. Thus, in medium and high loads, it results beneficial to restrict the UL resource to only 55 RBs (80% reduction as compared to 273 RBs available in full UL slot) and ensure that overlapping gNB-to-gNB CLI is not present. As expected, the ideal case shows higher performance that the realistic case in which the inter-subband interference is account for. On the other hand, it exhibits an appreciable performance penalty at low loads showing that the gNB-to-gNB CLI is not too critical, while the UL resource penalty is. The resource penalty in uplink from choosing DDFFU instead of DSUUU is approximately 53% resource loss. The UL UPT degradation gets up to 50% at the 95th percentile. In DL, the scheme shows performance degradation for any of the considered loads and percentiles. The reason is the lower resource availability in DL as it is not possible to select DL-heavy TDD frame configurations as in baseline dynamic TDD. The resource penalty in downlink between choosing DDDSU and DDFFU is approximately 9% resource loss and the DL UPT degradation is 40% on average. The large DL UPT degradation also comes from how the traffic prioritization is done at the indoor gNBs, which always prioritize UL over DL.
[image: ]
[bookmark: _Ref142588662]Figure 5. Layer-2 DL and UL average UPT performance with baseline dynamic TDD (Rel-17) and dynamic TDD with frequency coordination.

Observation 9: In a 2-layer Scenario, frequency coordination helps decreasing the impact of gNB-to-gNB CLI in certain conditions of load and interference. If the frequency coordination is applied for slots with moderate CLI, the resource penalty shows large performance degradation.

UE-to-UE cross-link interference
One of the pre-requisites for SRS-based UE-to-UE CLI measurements is the exchange of SRS configuration among gNBs. As part of the measurement object configuration for CLI, the gNB indicates the list of resources where the CLI SRS-RSRP is going to be measured. Given the current NR specifications, the gNB is not aware of the SRS configuration(s) used by the UEs in the neighbour cell and therefore the measurement resources will not collide with SRS transmissions from potential aggressor UEs. Not measuring on the correct resources results in a victim UE reporting negligible CLI although it might be interfered by severe CLI. To solve this problem, 3GPP should agree on enhancements of the existing Xn signalling information exchange (or F1 interface for cases with gNB-split architecture) to convey the SRS configuration.  
For inter-cell UE-to-UE CLI measurements, the exchange of the SRS configuration between gNBs is needed to properly configure the CLI-SRS measurements.
[bookmark: _Hlk131526345]In RAN1#112 there was an agreement to study L1/L2 UE-to-UE CLI measurements and reporting, which provides gNBs with short-term measurements of the UE-to-UE CLI. In addition, it was also agreed to consider L1/L2 UE-to-UE CLI periodic, semi-persistent and/or aperiodic measurements and reporting. Event-triggered and periodic reporting are already supported in current specifications for L3 measurements. For event-triggered reporting, UEs are configured with a CLI threshold which determines whether the L3 measurement report should be triggered or not. An i1 event is triggered if the measured CLI is above the pre-defined threshold (I1-Threshold). Now, possible enhancements could be considered for event-triggered reporting based on L1/L2 measurements. For instance, a new event triggered reporting based on the current channel conditions will help to adapt to the dynamic traffic conditions. In particular, the long-term characteristics of the interference can be measured by a reporting event based on the comparison of the CLI level to a pre-defined threshold. Whereas for L1/L2 UE-to-UE CLI reporting, new criteria should be defined to account for the varying CLI conditions such as an indicator of the decoding success and/or failure among others.
The UE-to-UE CLI framework to support and define new criteria for event triggered L1/L2 UE-to-UE CLI reporting based on the decoding success and/or failure of given DL signals.
In RAN1#111 there was an agreement to study whether and how to enhance UL power control mechanism. One possible direction for the UL power control enhancements is to allow the UEs to autonomously decrease the transmit power to limit the generated CLI. An aggressor UE can derive whether nearby UEs are in risk of being impacted by UE-to-UE CLI by measuring specific reference signals. For instance, the aggressor UE can use UE-to-UE CLI measurements or serving cell measurements. If the aggressor UE decides that CLI is likely to become a problem for nearby UEs and applies such reduction, a new/additional power headroom report should be signalled to the serving gNB.
Autonomous adjustments of the aggressor UE transmit power to reduce the UE-to-UE CLI should be considered.
The need for more dynamic and short-term measurements increases the relevance of performing timely and accurate measurements. Due to the differences in the UEs timing advance and the propagation delay between UEs, a timing error between the SRS measurement and the SRS reception could occur at the victim UE. As shown in our previous RAN1#110 meeting TDoc [R1-2207268], the accuracy of the estimation is highly dependent on the measurement timing error. Large degradation is observed if the measurement timing error is larger than the CP duration. Current NR specifications allow UEs to apply a constant offset relative to the downlink reference timing to search for the aggressor UE SRS. This offset is up to UE implementation and, it is not communicated to the gNB as part of the measurement report. As an enhancement of current specifications, the measuring UE can communicate the applied time offset to the gNB. By reporting both the CLI SRS RSRP measurement and the used time offsets, the gNB can evaluate the accuracy of the reported measurements and decide how relevant/accurate are the measurements.
As a further enhancement, the gNB can take the initiative and can signal the specific timing offset to be applied during the UE measurements. To assist setting reasonable timing offset for the CLI SRS RSRP measurements, the gNB may need parameters such as the timing advance configuration of the victim UE and potentially the position of victim and aggressor UEs. This approach could be useful if UEs do not support SRS search capabilities during the measurements.
Support the UE to report the applied timing offset on the CLI SRS-RSRP measurements.
The gNB can configure the UE time offset applied for the CLI SRS-RSRP measurements to compensate for the different TA configurations between UEs.
UE-to-UE CLI measurements relaxation
As per Rel-16 specifications, as soon as a UE has been configured with UE-to-UE CLI measurements, the UE needs to perform those. In case of CLI-SRS measurements, it shall be performed with the periodicity of the SRS, to be able to report it according to the minimum requirements defined by RAN4 in TS 38.133. This impacts the power consumption of the UE as conducting such measurements naturally require some energy. In case a periodic reporting is configured, the gNB will get the measurement reports and can assess the CLI at the UE. In case the UE report is configured as a triggered report, the UE will only report it if Event I1 occurs. Therefore, in case the measurement is never above the threshold for Event I1, the UE will keep measuring the UE-to-UE CLI even if it is not reported to the network. 
Furthermore, there are scheduling restrictions defined in TS 38.133 during the CLI measurements. The UEs that do not support cli-SRS-RSRP-FDM_DL are not expected to receive PDCCH, PDSCH or CSI-RS while measuring CLI, which will inevitably impact the throughput. Similarly, UEs are not expected to transmit PUCCH/PUSCH/SRS while performing CLI measurements. The network must therefore take this into account when it decides to configure a UE to perform CLI measurement on certain resources, as well as on which resources it schedules the UE.
To ease the burden for the UE to conduct UE-to-UE CLI measurements from an energy consumption perspective, and to avoid unnecessary scheduling restrictions as result of the UE conducting such measurements, we recommend to considered introducing measurement relaxation methods that enables the UE to evaluate if it fulfils a relaxation criterion. This could for instance be realized by including the CLI measurement relaxation criteria in the gNB-to-UE configuration of the UE CLI measurement object, say e.g., if the measured CLI value is much below the CLI threshold of the Event I1 triggering. If the CLI relaxation criteria is fulfilled, the UE informs the gNB, and starts conducting relaxed (less frequent) UE-to-UE CLI measurements. This will result in the following benefits:
1. It reduces the measurement burden at the UE.
2. The UE can prioritize receiving or transmitting data instead of doing the CLI measurements while in “CLI relaxed measurement state”, which will increase the throughput.
3. Unnecessary reporting of periodic CLI measurements with low values is also reduced, assuming no such reporting while the UE is in “CLI measurement relaxed mode.
Given these considerations, we propose the following:
Having UEs conduct CLI measurements in low CLI conditions is costly from a UE power consumption point of view and poses unnecessary scheduling restrictions for the UE. A solution for relaxed UE CLI measurements shall therefore be considered, where such measurements are conducted under relaxed conditions if the experienced CLI conditions are low, resulting in reduced UE power consumption and less scheduling restrictions.

Conclusion
The contribution is summarized by the following observations and proposals:
Observations: 
Observation 1: Existing DL RSs (e.g., CSI-RS) can be used for gNB-to-gNB CLI channel interference measurements.
Observation 2: Link-level simulations show that UL muting helps improving the accuracy of the receiver estimation to suppress or cancel the interference.
Observation 3: Advanced receivers are shown to improve the UL UPT baseline performance of the indoor layer in a 2-layer Scenario. An accurate estimate of the gNB-to-gNB cross-link interference covariance matrix is key to improve the UL performance.

Observation 4: Uplink power control specifications have high degree of flexibility; current specifications allow that a UE can be configured with multiple p0 values.

Observation 5: Having separate UL open-loop power control configurations for different slot types is seen as beneficial as it increases the UL UPT by 30% on average while the DL UPT is only decreased around 3% due to increased UE-to-UE CLI. 

Observation 6: System-level simulations show that adjusting the gNB transmit power is a relevant scheme for gNB CLI mitigation. However, the effects on the macro gNB should be carefully considered.

Observation 7: In scenarios where aggressor gNBs are using static DL-heavy TDD frame configurations, the victim gNB should measure the complex channel matrix and report it back to the aggressor for future precoding matrix adaptation/beam-nulling.

Observation 8: Applying restrictions of a large set of the downlink beams might result in large downlink performance degradation on the aggressor gNB. 

Observation 9: In a 2-layer Scenario, frequency coordination helps decreasing the impact of gNB-to-gNB CLI in certain conditions of load and interference. If the frequency coordination is applied for slots with moderate CLI, the resource penalty shows large performance degradation.

Proposals: 
1. It is essential for the gNB CLI measurements that the measuring/victim gNB is informed about the CLI-RS configuration over the Xn interface. This applies to both CLI-RS candidates, the SSB-based and CSI-RS-based measurements.
gNB-to-gNB CLI measurements to follow a 2-step procedure. In the first step, gNBs use SSBs to obtain a course per-SSB CLI estimation. On a second step, CSI-RS are used to fine-tune the initially measured CLI levels.
Periodic, and event-triggered reporting should be supported for gNB-to-gNB CLI measurements.
E-LMMSE-IRC should be considered as a possible solution for CLI mitigation, potentially assisted through information exchange of the CLI aggressor characteristics over the Xn interface (or the F1 interface in case of gNB-split architectures). 
Signal UL muting patterns to UEs in the victim cell to enable interference channel estimation and cancellation schemes based on advanced receivers, potentially assisted through information exchange of the CLI aggressor characteristics over the Xn interface.
Enhancements on the signaling between gNBs is required to inform about the desired power reduction at the aggressor(s) cells.
Expand the Xn/F1 inter-node signaling of Intended TDD DL-UL Configuration to include at least the following enhancements: (i) new flexible SBFD slot formats, (ii) options to indicate that the sending node will dynamically decide on which slot formats from limited set of formats it will use, (iii) possible transmit power control offsets for DL symbols in some slot(s)
For inter-cell UE-to-UE CLI measurements, the exchange of the SRS configuration between gNBs is needed to properly configure the CLI-SRS measurements.
The UE-to-UE CLI framework to support and define new criteria for event triggered L1/L2 UE-to-UE CLI reporting based on the decoding success and/or failure of given DL signals.
Autonomous adjustments of the aggressor UE transmit power to reduce the UE-to-UE CLI should be considered.
Support the UE to report the applied timing offset on the CLI SRS-RSRP measurements.
The gNB can configure the UE time offset applied for the CLI SRS-RSRP measurements to compensate for the different TA configurations between UEs.
Having UEs conduct CLI measurements in low CLI conditions is costly from a UE power consumption point of view and poses unnecessary scheduling restrictions for the UE. A solution for relaxed UE CLI measurements shall therefore be considered, where such measurements are conducted under relaxed conditions if the experienced CLI conditions are low, resulting in reduced UE power consumption and less scheduling restrictions.
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Scheme 2: Advanced receivers - Layer-2 performance
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Scheme 5: UL power control - Layer-2 performance
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Scheme 5: DL power backoff - Layer-2 performance
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Scheme 5: DL power backoff - Layer-1 performance
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Scheme 4: Frequency coordination - Layer-2 performance


