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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 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. 


[bookmark: _Hlk510705081]In this contribution, first, we provide our views on mechanisms to address UE-to-UE CLI and gNB-to-gNB CLI 
Discussion
UE-to-UE CLI Handling Schemes 
UE-to-UE CLI Measurement in GB Resources 
In SBFD operation, guardband resources will be configured between downlink and uplinks subbands of SBFD slots. These resources will be an overhead since they cannot be allocated for data transmission and/or reception by the SBFD-aware UE. However, WID [1] allows an exception for CLI measurement to be performed outside the downlink subbands. As such, we propose the use of the configured GB resources for CLI measurement, e.g., as shown in Figure 1 for SRS-RSRP measurements. 
[image: ]
[bookmark: _Ref158995053]Figure 1: Using GB resource for SRS-RSRP measurements

In this case one UE (aggressor UE) can be configured to transmit SRS on the GB resources, whereas another UE (victim UE) is configured to perform SRS-RSRP measurements on the same GB resources. This is the same as the existing SRS-RSRP measurement, but by allowing the measurement to occur on GB resources UE can report CLI without the added measurement resource overhead. Moreover, the SRS resources configuration (for both transmission and measurement) can be adapted such that it fits the GB size, which can enable more accurate SRS-RSRP measurement. For instance, existing configuration restricts time domain resources for SRS-RSRP measurement to 1 symbol but can be on up to 272 RBs. Since the GB has fewer RBs, SRS-RSRP measurement on multiple symbols (up to 14) can be allowed to achieve better measurement accuracy.

The reduction in resource overhead by allowing CLI measurement on GB resources can be significant, especially if the GB size is high, compared to using the UL subband to send the SRS for CLI measurement. Figure 2 shows the possible resource savings considering a SBFD slot with a typical DUD configuration having 54 RBs as uplink subband and GBs to each side of the uplink subband. As shown in the figure, a GB size of 4 RBs amounts to ~15% of resources on uplink subband – which can be used for actual data transmission if the UE is allowed to measure CLI in GB.
 
[image: ]
[bookmark: _Ref158995112]Figure 2: Resource saving when using GB resources for SRS Transmission
[bookmark: _Ref159066469][bookmark: _Ref158995717][bookmark: _Hlk158992781]Observation 1: Allowing CLI measurement on GB resources can result in significant reduction in measurement resource overhead.
[bookmark: _Ref159066384][bookmark: _Ref158996015]Proposal 1: Support configuration of SRS resources for SRS transmission and SRS-RSRP measurement within GB resources of SBFD slots.
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” – set to “beamManagement”, “antennaSwitching”, “codebook”, “nonCodebook”. There is no SRS transmission specifically for CLI measurement, i.e., the UE is configured to perform SRS-RSRP measurement based on SRS transmitted towards the gNB. Therefore, if for any reason there is infrequent SRS transmissions towards the gNB, the UE’s ability to measure and report CLI will be severely impacted. 
Infrequent SRS transmission can happen if there is no specific need for any of the SRS usages mentioned above for an extended amount of time. The case of “beamManagement” is less likely to be used in FR1 since UEs are unlikely to perform analogue beamforming. Therefore, the transmission of SRS for the purpose of beam management is not likely for FR1 UEs. 
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 resources for the purpose of antenna switching will not be required. Moreover, SRS transmission on SBFD slot cannot be used for CSI acquisition on non-SBFD slots. Therefore, SRS transmission on SBFD symbols for the purpose of antenna switching may be restricted on SBFD slots. 
In the case of “codebook” and “nonCodebook”, the higher layer parameter txConfig within pusch-Config is used configure uplink transmission scheme. If this parameter is absent (i.e., not provided to the UE), the UE is configured to transmit PUSCH on a single antenna port. Thus, the UE is not required to transmit SRS in order to determine a precoder for PUSCH transmission.
Based on the above discussions, 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. In our view, having dedicated SRS transmissions solely for the purpose of CLI measurement can support fast, reliable, and more accurate SRS-RSRP measurement and reporting – which enables more efficient SBFD operation. This can be achieved by configuring dedicated SRS Resource Sets (e.g., SRS-CliResourceSet-r19), which provides SRS configuration to be used specifically for SRS transmissions intended for CLI measurement. 
[bookmark: _Ref159066478][bookmark: _Ref158995741][bookmark: _Ref159066485]Observation 2: 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. 
[bookmark: _Ref158995769]Observation 3: Having dedicated SRS transmissions solely for the purpose of CLI measurement can support fast, reliable, and more accurate SRS-RSRP measurement and reporting. 
[bookmark: _Ref159066388][bookmark: _Ref158996042]Proposal 2: Support configuration of SRS Resource Sets which provided 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, 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. 
As a result, when allowing SRS transmission that are intended for only CLI measurement (e.g., SRS transmission within GB resources and/or dedicated SRS resources for CLI measurement), the existing SRS power control scheme will result in SRS transmit power that is too high for transmission toward a nearby UE. In this case configuring a lower transmit power for SRS transmission will reduce power consumption at transmitting UE, as well as reduce inter-cell interference to neighbouring gNBs. 
One way of achieved low power configuration for SRS transmissions is to modify the existing SRS power control loop to exclude the closed loop and pathloss components. This implies that the UE determines its transmit power for the SRS transmission using only the open loop parameter and number of allocated resource blocks. An additional approach is to introduce a new 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 set as “antennaSwitching”. 
When using low power SRS transmission, one possibility is that a UE may experience a higher CLI from other uplink transmissions (PUSCH/PUCCH/PRACH) compared to the CLI measured on the dedicated SRS resources for CLI measurement. To address this issue, the UE can be configured to adjust the measured CLI from a low power SRS transmission to ensure that it reflects expected 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 measure CLI. In the case of event triggered CLI reporting, as an example, the UE triggers a report only if the product between the measured CLI and the scaling factor 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 severe CLI at a much lower level compared to the existing procedure. 
[bookmark: _Ref159066493][bookmark: _Ref158995780]Observation 4: With dedicated SRS resources for CLI measurement, reusing the existing SRS power control loop can result in a higher transmit power.
[bookmark: _Ref159066498][bookmark: _Ref158995885]Observation 5: Allowing low power SRS transmissions intended for CLI measurement can reduce power consumption as well as inter-cell interference.
[bookmark: _Ref159066390][bookmark: _Ref158996050]Proposal 3: Support low power SRS transmission for inter-UE CLI measurement when using dedicated SRS resources for CLI measurement.
[bookmark: _Ref159066392][bookmark: _Ref158996063]Proposal 4: For low power SRS transmission, allow the UE to adjust the measured 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 UE measures RSSI on the configured downlink resources, which may be originating from any transmitting node within the proximity of the measuring UE. As a result, there is no knowledge of which UEs are the higher aggressors for any CLI-RSSI measurements. Therefore, the network cannot employ CLI mitigation schemes to address interference from specific aggressor UEs based on CLI-RSSI measurement reporting. 
In SBFD operation, downlink slot can be converted to a SBFD slot, e.g., a slot with an uplink subband sandwiched between two downlink subbands. Using the existing configuration, resources for CLI-RSSI measurement can only be configured in the downlink subbands and the same issue with unidentified aggressors will exist. Moreover, since the UE is half duplex, resources on the uplink subband of a SBFD slot is unused whenever the UE is receiving in the downlink subbands. 
However, as stated in the scope of the WID [1] 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 to identify individual aggressor UEs. This can be achieved by allowing 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 3 and include the index of each measured RB Group in the measurement report.
[image: ]
[bookmark: _Ref158995169]Figure 3: Finer CLI measurement on uplink subband
The reported RB Group indexes enables to gNB to identify the individual aggressors – as any UEs scheduled on the reported RB Groups. The gNB can used this information to form aggressor-victim UE pairs which can support CLI-aware scheduling to mitigate the negative impact of CLI, i.e., the gNB will not co-schedule any UE pairs that cause significant CLI towards one another. 
[bookmark: _Ref159066520][bookmark: _Ref158995945]Observation 6: The resource overhead cost is avoided when uplink subband resources of a SBFD slot is used for CLI-RSSI measurement.
[bookmark: _Ref159066524][bookmark: _Ref158995970]Observation 7: CLI-RSSI measurement on uplink subband can help to identify individual aggressor UEs by allowing measurements on finer RB Groups.
[bookmark: _Ref159066394][bookmark: _Ref158996118]Proposal 5: Support CLI measurement on finer RB Groups on the UL subband of SBFD slots.
Autonomous CLI Reporting 
Mechanisms that enable faster and reliable CLI reporting is essential for efficient SBFD operation. One way to achieve this is to allow the UE to detect and report CLI autonomously – in scenarios where the UE has not been configured with CLI measurement resources. In this case the UE can exploit existing downlink reference signals/channels to monitor, detect and report the presence of CLI. The UE can trigger 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 CLI to the gNB. An event triggered reporting is suitable for such autonomously detected CLI, e.g., the 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 CLI report as well as the resources on which the CLI was detected. 
[bookmark: _Ref159066529][bookmark: _Ref158995980]Observation 8: Allowing autonomous detection and reporting of UE-to-UE CLI can ensure faster and more reliable CLI reporting in SBFD operation.
[bookmark: _Ref159066396][bookmark: _Ref158996131][bookmark: _Ref127183693]Proposal 6: Support mechanisms to enable autonomous detection and reporting of UE-to-UE CLI.
CSI-IM based UE-to-UE CLI measurement
In the existing specification, CSI-IM resources are used to measure inter-cell interference from neighbouring gNBs. This approach can be leveraged for UE-to-UE CLI measurements. One approach to achieve this is for the gNB to configure CSI-IM resources on both SBFD and non-SBFD symbols. The UE measure the average received signal powers on the configured CSI-IM resources in a SBFD slot and DL-only slot and reports the difference between these measurements as the UE-to-UE CLI. That is, the reported CLI is given by: 

where  is the interference measured using configured CSI-IM resources on SBFD slot and  is the interference measured using configured CSI-IM resources on DL-only 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. 
[bookmark: _Ref142408933][bookmark: _Ref159078345]Proposal 7: Support CSI-IM based UE-to-UE CLI measurement. For this method, the UE measure the total interference in the CSI-IM resources in SBFD slot and its preceding DL-only slot and report difference between them as UE-to-UE CLI.
Uplink Symbol Muting
If legacy TA procedure is directly applied in SBFD operation, without any guard interval between a 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 4 (a). This can cause severe interference to any reception on the overlapped downlink resource. Figure 4 (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 for more than 25% of time affected resources experience very high interference and may not be able to decode DL received packets. 

[image: ]     [image: ]
(a)                                       (b)
[bookmark: _Ref158995209]Figure 4: (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 5 (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 5 (b). 

[image: ]       [image: ]
                  (a)                                                (b)
[bookmark: _Ref158995228]Figure 5: (a) UL symbol muting in SBFD slot to avoid inter-UE CLI (b) Interference reduction in affected resources.
[bookmark: _Ref159066536][bookmark: _Ref142408315][bookmark: _Ref158995990]Observation 9: 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.
[bookmark: _Ref159066398][bookmark: _Ref158996144]Proposal 8: 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 6 shows performance evaluation on uplink SINR when adopting uplink power boosting for gNB-to-gNB CLI handling. 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 figured 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 UE the circumstances of the UE.
[image: ]
[bookmark: _Ref158995297]Figure 6: Uplink SINR on non-SBFD and SBFD slots with different power offsets
Figure 7 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. 
[image: Chart, bar chart
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[bookmark: _Ref158995323]Figure 7: Average Uplink UPT in victim cell with different power offsets

[bookmark: _Ref159066402][bookmark: _Ref158996167]Proposal 9: Support UL 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: Allowing CLI measurement on GB resources can result in significant reduction in measurement resource overhead.
Observation 2: 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 3: Having dedicated SRS transmissions solely for the purpose of CLI measurement can support fast, reliable, and more accurate SRS-RSRP measurement and reporting. 
Observation 4: With dedicated SRS resources for CLI measurement, reusing the existing SRS power control loop can result in a higher transmit power.
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.
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: 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 SRS resources for SRS transmission and SRS-RSRP measurement within GB resources of SBFD slots.
Proposal 2: Support configuration of SRS Resource Sets which provided SRS configuration to be used for SRS transmission intended for CLI measurement.
Proposal 3: Support low power SRS transmission for inter-UE CLI measurement when using dedicated SRS resources for CLI measurement.
Proposal 4: For low power SRS transmission, allow the UE to adjust the measured CLI value for efficient CLI reporting.
Proposal 5: Support CLI measurement on finer RB Groups on the UL subband of SBFD slots.
Proposal 6: Support mechanisms to enable autonomous detection and reporting of UE-to-UE CLI.

Proposal 7: Support CSI-IM based UE-to-UE CLI measurement. For this method, the UE measure the total interference in the CSI-IM resources in SBFD slot and its preceding DL-only slot and report difference between them as UE-to-UE CLI.
Proposal 8: Support muting of the first UL symbol in the first SBFD slot after a non-SBFD (DL-only) slot.
Proposal 9: Support UL power boosting for gNB-to-gNB CLI handling.
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