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Introduction
The following is agreed as part of the scope of the Rel-19 WI on Evolution of NR Duplex Operation [1]. 
	· Specify enhancements for CLI handling [RAN1, RAN2, RAN3]:
· Support gNB-to-gNB CLI handling scheme(s) (the detailed schemes are to be down-selected from those in TR38.858 by RAN1#117)
· Support UE-to-UE 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.


[bookmark: _Hlk510705081]In this contribution, we provide our views UE-to-UE and gNB-to-gNB CLI handline schemes to support efficient SBFD operation. 
Discussion
UE-to-UE CLI Handling Schemes 
In R16, two main approaches were specified for UE-to-UE CLI measurement and reporting in dynamic TDD. In this section, we outline some enhancements to enable efficient UE-to-UE CLI measurement/reporting in SBFD operation.
Dedicated SRS Resources for CLI Measurement
In the current specification, resources for SRS transmission are configured with gNB as the intended recipient. SRS transmission towards gNB has specific “usage” – which may be set to “beamManagement”, “antennaSwitching”, “codebook”, “nonCodebook”. A UE can be configured to perform UE-to-UE CLI (SRS-RSRP) measurement based on SRS transmitted towards the gNB. Using the current configuration, a UE is only able to perform SRS-RSRP measurements when other UEs are configured with SRS transmission towards the gNB. If, for any reason, there is infrequent SRS transmissions towards the gNB, the UE’s ability to measure and a provide up to date CLI reporting will be severely impacted.
Infrequent SRS transmission towards the gNB can happen if there is no specific need for any of the SRS usages mentioned above for an extended period of time. For example, SRS transmission for the purpose of “beamManagement” is less likely to be configured for UEs operating in FR1 since such UEs are unlikely to perform analogue beamforming.
Also, in the case of “antennaSwitching”, SRS is transmitted mainly for the purpose of downlink channel estimation – if channel reciprocity exists. If channel reciprocity does not hold and/or the UE has a single receive antenna, transmission of SRS for the purpose of antenna switching will not be required. Moreover, for SBFD operation, channel reciprocity may not hold between uplink and downlink subbands of SBFD symbols – since each subband occupies a different frequency region of the SBFD symbol. Therefore, SRS transmission for the purpose of antenna “antennaSwitching”, may be unlikely in SBFD operation.
Furthermore, in the case of “codebook” and “nonCodebook”, the higher layer parameter txConfig within pusch-Config is used configure the uplink transmission scheme to be used by the UE. If this parameter is not provided to the UE, the UE transmits PUSCH on a single antenna port. Thus, the UE is not required to transmit SRS to determine a precoder for the PUSCH transmission.
Based on the above discussions, it is possible to have scenarios where SRS transmission toward the gNB is not frequent enough to allow up to date SRS-RSRP measurement and reporting in SBFD operation. In our view, having dedicated SRS transmissions solely for the purpose of UE-to-UE CLI measurement can support fast, reliable, and more accurate SRS-RSRP measurement and reporting – which can support more efficient UE-to-UE CLI handling in SBFD operation. 
Dedicated SRS resources for CLI measurement can be achieved by configuring a new SRS Resource Set (e.g., SRS-CliResourceSet-r19), which provides SRS configuration to be used specifically for SRS transmissions intended for CLI measurement. Having a dedicated SRS resource set implies that the network could instruct UE to perform SRS-RSRP measurements, independent of SRS transmission towards the gNB. This makes it possible for the UE to monitor and report CLI impact even if there is infrequent SRS transmission by other UEs towards the gNB.
Moreover, the specification impact of such an approach is minimal since the existing SRS resource set configuration can be directly reused. The network can provide the UE with multiple SRS resource sets – which may include new SRS resource sets specifically configured for UE-to-UE measurement. The UE understand that whenever it is instructed to transmit SRS using the new SRS configuration, it will be sole for CLI measurement by other UEs. 
Observation 1: [bookmark: _Ref163040079]It is possible to have a scenario where SRS transmission toward the gNB is not frequent enough to allow up to date CLI measurement and reporting in SBFD operation
Observation 2: Having dedicated SRS transmissions solely for the purpose of CLI measurement can support fast, reliable, and more accurate SRS-RSRP measurement and reporting.
Observation 3: The specification impact of dedicated SRS Resources for CLI measurement is minimal since the existing SRS resource set configuration can be directly reused.
Proposal 1: [bookmark: _Ref163040223]Support configuration of new SRS Resource Sets which provides SRS configuration to be used for SRS transmission intended for CLI measurement.
Low Power SRS Transmission for CLI Measurement
As mentioned in the previous subsection, existing SRS transmission is configured with the gNB as the intended recipient. Therefore, the SRS power control parameters, provided within an SRS Resource Set, are configured to ensure effective reception at the gNB (based on the path loss between UE and gNB). However, for SRS-RSRP measurements, the intended recipient is a victim UE, which is likely to be in closer proximity to the transmitting UE compared to the gNB. 
For example, consider a typical SRS transmission in a cell, as shown in Figure 1, where UE1 transmits SRS towards the gNB. Based on the current configuration, UE2 can be instructed to use the SRS transmission from UE1 for SRS-RSRP measurement. Since the gNB is also meant to receive the SRS transmission from UE1, UE1 determines the SRS transmit power based on the UE-to-gNB pathloss. However, when allowing SRS transmission that are intended solely for UE-to-UE CLI measurement (Proposal 1 above), the existing SRS power control will result in SRS transmit power that may be too high for transmission toward a nearby UE. 
[image: ]
[bookmark: _Ref163214252]Figure 1: Illustration of SRS Transmission in a cell
Table 1 shows a comparison of transmit power consumption for the legacy case (which uses UE-to-gNB pathloss to determine SRS transmit power) versus the proposed enhancement (which uses UE-to-UE pathloss to determine SRS transmit power). The results presented in Table 1 represents the SRS transmit power based on the existing SRS power control loop with the following are assumptions: pathloss compensation factor , dBm, Min UE-to-UE distance = 5m, Max UE-to-UE distance = 20m, Min UE-to-gNB distance = 10m, Max UE-to-gNB distance = 100m. 
Table 1: SRS Transmit Power Consumption using UE-to-gNB pathloss vs using UE-to-UE pathloss
	
	Tx Power for Legacy Case (dBm)
	Tx Power for Proposed Enhancement (dBm)
	% Power Reduction

	Min Distance
	-0.37
	-4.7
	62%

	Max Distance 
	17.23
	3.5
	95.8%


The results show that, if dedicated SRS resource for UE-to-UE CLI measurements is configured, a cell-edge UE (with UE-to-gNB distance = 100m) will spend significantly more power (~96% more power in this case) when using legacy SRS power control, compared to using an enhanced SRS power control which uses UE-to-UE pathloss to determine SRS transmit power. In addition to the potential savings in transmit power consumption, allowing a low transmit power for SRS transmission intended for UE-to-UE CLI measurement can also reduce inter-cell interference to neighbouring gNBs.  
One way to achieve low transmit power configuration for SRS is to modify the existing SRS power control loop to exclude the closed loop power control and UE-to-gNB pathloss components. An additional approach is to introduce a new power reduction parameter to reduce the maximum UE transmit (Pcmax) – similar to the existing configuration where a power reduction factor is applied to reduce Pcmax when SRS “usage” is configured as “antennaSwitching”. 
When using low power SRS transmission for UE-to-UE CLI measurement, one possibility is that a UE may experience a lower UE-to-UE CLI compared to potential UE-to-UE CLI from other uplink transmissions (e.g., PUSCH, PUCCH and PRACH) which are likely to use a higher transmit power. To address this issue, the UE can be instructed to adjust the measured UE-to-UE CLI from a low power SRS transmission to ensure that it reflects the expected UE-to-UE CLI from uplink transmissions with higher transmit power.
This can be achieved by providing the UE with a scaling factor that can be multiplied with the UE-to-UE CLI measured from a low power SRS transmission. In the case of event triggered CLI reporting, as an example, the UE triggers a report only if the scaled version of UE-to-UE CLI is above the defined threshold for triggering a report. Another approach is to configure the UE with a lower triggering threshold for event triggered reporting – such that UE will report UE-to-UE CLI at a much lower threshold level when the UE-to-UE CLI is measured from a low power SRS transmission. 
Observation 4: [bookmark: _Ref159066493][bookmark: _Ref163040133]With dedicated SRS resources for UE-to-UE CLI measurement, reusing the existing SRS power control loop can result in a higher transmit power consumption.
Observation 5: Allowing low power SRS transmissions intended for CLI measurement can reduce power consumption as well as inter-cell interference.
Proposal 2: [bookmark: _Ref159066390]Support low power SRS transmission for inter-UE CLI measurement when using dedicated SRS resources for UE-to-UE CLI measurement.
Proposal 3: For low power SRS transmission, allow the UE to adjust the measured UE-to-UE CLI value for efficient CLI reporting.
Finer CLI Measurement on Uplink Subband
In the current specification, downlink resources can be configured for a UE to perform CLI-RSSI measurements. In this case the CLI-RSSI measured may be originating from any transmitting node within the proximity of the measuring UE. Therefore, there is no knowledge of which UEs are the high aggressors for any CLI-RSSI measurement. This means that the network is not capable of identifying individual aggressor UEs from a reported CLI-RSSI measurement. As a result, the network cannot employ UE-to-UE CLI handling schemes to address interference from specific aggressor UEs based on the reported CLI-RSSI measurement results. 
In SBFD operation, the frequency domain resources of legacy downlink slot can be partitioned into uplink subband, downlink subbands and guardband (if configured). Using the existing configuration for SBFD operation, resources for CLI-RSSI measurement is expected to be configured in the downlink subband(s) of the partitioned slot. Also, the network will still be unable to identify specific aggressor UEs CLI-RSSI measurements.
To address issue, resources for CLI-RSSI measurements can be configured on the uplink subband of the partitioned slot. Since the UE is half duplex, resources on the uplink subband of the partitioned slot is unused whenever the UE is receiving in the downlink subbands. As stated in the scope of the WID [1] UE-to-UE CLI measurement can be allowed outside the downlink subbands of a SBFD slot. As a result, when the UE is scheduled for downlink reception on SBFD slots, CLI-RSSI measurement can be configured on the uplink subband of this slot. By adopting this approach, the resource overhead cost for CLI-RSSI measurement is avoided since the uplink subband resources would not be utilized whenever the UE is scheduled for downlink reception. 
In addition to the resource overhead savings, configuring CLI-RSSI measurement on uplink subband can help network to identify individual aggressor UEs. This can be achieved by configuring CLI-RSSI measurements on finer RB regions (RB Groups) of the uplink subband. In this case the UE measures CLI-RSSI on the RB Groups, as shown in Figure 2 and include the index of each measured RB Group in the measurement report (similar to existing subband based CSI reporting).
[image: ]
[bookmark: _Ref162969755]Figure 2: Finer CLI measurement on uplink subband
The reported RB Group indexes enables the gNB to identify the individual aggressors – as any UEs scheduled on the reported RB Groups. The gNB can use this information to form aggressor-victim UE pairs which can support CLI-aware scheduling to mitigate the negative impact of UE-to-UE CLI, i.e., the gNB will not co-schedule any UE pairs that cause significant UE-to-UE CLI towards one another. 
Observation 6: [bookmark: _Ref163040155]The resource overhead cost is avoided when uplink subband resources of a SBFD slot is used for CLI-RSSI measurement.
Observation 7: CLI-RSSI measurement on uplink subband can help to identify individual aggressor UEs by allowing measurements on finer RB Groups of the uplink subband.
Proposal 4: [bookmark: _Ref163040275]Support CLI measurement on finer RB Groups on the uplink subband of SBFD slots.
CSI-IM based UE-to-UE CLI measurement
As stated in the previous subsection, when using the existing CLI-RSSI measurement resource configuration, the results of a CLI-RSSI measurement may be due to interferences originating from any transmitting node within the proximity of the measuring UE. This may include inter-cell interference from other gNBs as well as UE-to-UE CLI form nearby UEs. Therefore, the network is not able to determine whether a reported CLI-RSSI values is an actual UE-to-UE CLI or is another form of interference.
In the existing specification, CSI-IM resources are used to measure inter-cell interference from neighbouring gNBs. This approach can be leveraged to improve existing for CLI-RSSI measurements – by allowing the UE to report actual UE-to-UE CLI values. To achieve this the gNB can configure CSI-IM resources on both SBFD and non-SBFD (DL-only) symbols, with a preconfigured periodicity for the measurement. The UE uses the configured CSI-IM resources to measure the average received signal powers in SBFD slot and preceding DL-only slots based on the configured periodicity. The UE can be instructed to report the difference between the CLI-RSSI values measured in SBFD slot and preceding DL-only slots as the actual UE-to-UE CLI if the difference is higher that the report triggering threshold. That is, the reported CLI-RSSI value is given by: 

where  is the CLI-RSSI value measured using configured CSI-IM resources on SBFD slots and  is the CLI-RSSI value measured using configured CSI-IM resources on DL-only slots preceding the SBFD slots. Since  consist of the sum of CCI and CLI while  is only CCI, the difference between the two measurements represents the UE-to-UE CLI. 
For reporting the new differential UE-to-UE CLI-RSSI values, a new reporting quantity (e.g., Inter UE CLI RSS) can be introduced in the existing CLI-RSSI reporting configuration which represents the actual CLI experienced by the UE – separate from the existing CLI-RSSI reporting quantity which may include other forms of interference. By knowing the actual UE-to-UE CLI experienced by a given UE, the gNB can adopt the needed CLI mitigation, e.g., CLI-aware scheduling, to ensure that the UE-to-UE CLI impact is avoided.
Proposal 5: [bookmark: _Ref163040331]Support CSI-IM based inter-UE CLI-RSSI measurement. 
· For this method, the UE measures the total interference in the CSI-IM resources in SBFD slot and its preceding DL-only slot and report difference between them as the actual inter-UE CLI experienced by the UE.
Autonomous Reporting of UE-to-UE CLI 
Mechanisms that enable faster and reliable UE-to-UE CLI reporting is essential for efficient SBFD operation due to the dynamic/faster changes in the interference patterns in the network. One way to achieve this is to allow the UE to detect and report UE-to-UE CLI autonomously – in scenarios where the UE has not been configured with resources for UE-to-UE CLI measurement. In this case the UE can exploit existing downlink reference signals/channels to monitor, detect and report the presence of UE-to-UE CLI. The UE can trigger UE-to-UE CLI reporting whenever it experiences any unusually high level of interference when receiving a downlink reference signal or channel. 
A reporting framework can be configured for the UE to report autonomously detected UE-to-UE CLI to the gNB. An event triggered reporting is suitable for such autonomously detected UE-to-UE CLI, e.g., a report is triggered when the UE experiences high interference or error rate during a PDSCH reception. An interference and/or error rate threshold can be configured by the network. The UE can also be configured to include the level of interference that triggered the UE-to-UE CLI report as well as the resources on which the UE-to-UE CLI was detected. Based on the reported UE-to-UE CLI value, the network can stop the on-going PDSCH transmissions to the UE and reschedule the transmission to new resources where there is no UE-to-UE CLI such as resources in the DL-only slot.
Autonomous monitoring, detection and reporting of UE-to-UE CLI can serve as a mechanism for a UE to protect itself against nearby aggressor UEs even if the UE has not been instructed to perform UE-to-UE CLI measurement. Moreover, this approach can result in significant measurement resource overhead savings since the UE does not need to be configured with resources for UE-to-UE CLI measurements. Also, the specification impact of such an approach is minimal since no measurement resource configuration is provided to the UE. 
Observation 8: [bookmark: _Ref163040185]Allowing autonomous detection and reporting of UE-to-UE CLI can ensure faster and more reliable CLI reporting in SBFD operation
Observation 9: Autonomous monitoring, detection and reporting of UE-to-UE CLI can serve as a mechanism for a UE to protect itself against nearby aggressor UEs.
Proposal 6: [bookmark: _Ref163040352]Support mechanisms to enable autonomous monitoring, detection, and reporting of UE-to-UE CLI by a UE.
Uplink Symbol Muting
If legacy TA procedure is directly applied in SBFD operation, without any guard interval between a non-SBFD slot (DL-only slot) and a succeeding SBFD slot, uplink resources at the start of the SBFD slot will overlap with downlink resources at the end of the non-SBFD slot, as shown in Figure 3 (a). This can cause severe interference to any reception on the overlapped downlink resource. Figure 3 (b) shows different percentiles of DL SINR loss in the overlapped symbols of the DL-only slot. At the 75th percentile and 90th percentile, DL SINR degradation is 5.85 dB and 21.84 dB, respectively. This means that for more than 25% of the time, affected resources experience very high interference and may not be able to decode DL received packets. 
[image: ]     [image: ]
                                             (a)                                                                                  (b)
[bookmark: _Ref158995209]Figure 3: (a) Resource overlapping due to TA (b) Bar chart of DL SINR loss due to overlapping.
To address this issue, we propose muting of the first symbol in the first SBFD slot following a non-SBFD slot as shown in Figure 4 (a). For a SBFD-aware UE the resource muting can be achieved by defining a new rule such that the UE considers any uplink resource allocation on first symbol in the first SBFD slot following a non-SBFD slot as invalid allocation. Muting eliminates the overlap from the UL transmissions in the SBFD slot thereby reduces the total interference experienced by the affected resources to only CCI. This can reduce the total interference in the affected resources by 5.78 dB, as shown in Figure 4 (b). 

[image: ]       [image: ]
                                               (a)                                                                                (b)
[bookmark: _Ref158995228]Figure 4: (a) UL symbol muting in SBFD slot to avoid inter-UE CLI (b) Interference reduction in affected resources.
Observation 10: [bookmark: _Ref159066536]Muting the first symbol in a SBFD slot succeeding a DL-only slot avoids the resource overlap between uplink and downlink resources. This removes the possibility of any uplink transmission on the SBFD slot interference with downlink reception on the DL-only slot.
Proposal 7: [bookmark: _Ref159066398]Support muting of the first UL symbol in the first SBFD slot after a non-SBFD (DL-only) slot.
gNB-to-gNB CLI Handling Schemes 
Uplink Power Boosting
UL power boosting can be employed as a mechanism for handling the problem of gNB-to-gNB CLI. The approach involves increasing the uplink transmit power on SBFD symbols, compared to non-SBFD symbols, in order to improve the uplink SINR. The increased transmit power helps to combat the impact of gNB-to-gNB CLI on SBFD symbols, which is absent on non-SBFD symbols. 
One way to achieve uplink power boosting is for the gNB to configure two uplink power control parameters, where one power control parameter, e.g., p0_0, is applied to non-SBFD symbols and another power control parameter, e.g., p0_1 (which is higher than p0_0), is applied to SBFD symbols. Configuration of the two power control parameters can be provided to the UE using higher layer signalling. Since a SBFD-aware UE has knowledge of the time location of SBFD subbands it can be configured to apply one power control parameter for each slot type. 
Figure 5 shows performance evaluation on uplink SINR when adopting uplink power boosting. The evaluation is carried out for a dense urban deployment scenario where UEs in a victim cell are configured to apply a power offset during SBFD slots. As shown in the figure, SBFD slots achieve better uplink SINR with increasing power offset. With a power offset of 10 dB, both SBFD and non-SBFD slots achieve similar uplink SINR, i.e., for this scenario a power offset of 10 dB is enough to completely overcome the negative impact of gNB-to-gNB CLI. The specific power offset will be difference to different scenarios. Also, how much offset can be allowed is based on the circumstances of the UE, e.g., how close the transmit power without power boosting is to the maximum transmit power of the UE.
[image: ]
[bookmark: _Ref158995297]Figure 5: Uplink SINR on non-SBFD and SBFD slots with different power offsets
Figure 6 show the average uplink UPT at the victim cell. The improvement in uplink SINR due to uplink power boosting results in higher average uplink UPT. Throughput gain of approximately 25% can be achieved when the power offset is equal to 10 dB. 
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[bookmark: _Ref158995323]Figure 6: Average Uplink UPT in victim cell with different power offsets
Proposal 8: [bookmark: _Ref159066402][bookmark: _Ref163040382]Support uplink power boosting for gNB-to-gNB CLI handling.
Conclusion
In this contribution, we discussed SBFD for NR, and included considerations on subband partition signalling and operation, and frequency domain-resource allocation and UE-to-UE CLI measurement in SBFD.
Observation 1: It is possible to have a scenario where SRS transmission toward the gNB is not frequent enough to allow up to date CLI measurement and reporting in SBFD operation.
Observation 2: Having dedicated SRS transmissions solely for the purpose of CLI measurement can support fast, reliable, and more accurate SRS-RSRP measurement and reporting.
Observation 3: The specification impact of dedicated SRS Resources for CLI measurement is minimal since the existing SRS resource set configuration can be directly reused.
Observation 4: With dedicated SRS resources for UE-to-UE CLI measurement, reusing the existing SRS power control loop can result in a higher transmit power consumption
Observation 5: Allowing low power SRS transmissions intended for CLI measurement can reduce power consumption as well as inter-cell interference.
Observation 6: The resource overhead cost is avoided when uplink subband resources of a SBFD slot is used for CLI-RSSI measurement
Observation 7: CLI-RSSI measurement on uplink subband can help to identify individual aggressor UEs by allowing measurements on finer RB Groups of the uplink subband.
Observation 8: Allowing autonomous detection and reporting of UE-to-UE CLI can ensure faster and more reliable CLI reporting in SBFD operation.
Observation 9: Autonomous monitoring, detection and reporting of UE-to-UE CLI can serve as a mechanism for a UE to protect itself against nearby aggressor UEs.
Observation 10: Muting the first symbol in a SBFD slot succeeding a DL-only slot avoids the resource overlap between uplink and downlink resources. This removes the possibility of any uplink transmission on the SBFD slot interference with downlink reception on the DL-only slot.
Proposal 1: Support configuration of new SRS Resource Sets which provides SRS configuration to be used for SRS transmission intended for CLI measurement.
Proposal 2: Support low power SRS transmission for inter-UE CLI measurement when using dedicated SRS resources for UE-to-UE CLI measurement.
Proposal 3: For low power SRS transmission, allow the UE to adjust the measured UE-to-UE CLI value for efficient CLI reporting.
Proposal 4: Support CLI measurement on finer RB Groups on the uplink subband of SBFD slots.
Proposal 5: Support CSI-IM based inter-UE CLI-RSSI measurement. For this method, the UE measures the total interference in the CSI-IM resources in SBFD slot and its preceding DL-only slot and report difference between them as the actual inter-UE CLI experienced by the UE.
Proposal 6: Support mechanisms to enable autonomous monitoring, detection and reporting of UE-to-UE CLI by a UE.
Proposal 7: Support muting of the first UL symbol in the first SBFD slot after a non-SBFD (DL-only) slot.
Proposal 8: Support uplink power boosting for gNB-to-gNB CLI handling.
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