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Introduction
The following objectives are specified in the study item on evolution of NR duplex operation ‎[1]:
	· Identify applicable and relevant deployment scenarios (RAN1).
· Develop evaluation methodology for duplex enhancement (RAN1).
· 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).


In this contribution, we discuss issues with dynamic TDD and provide some potential solutions particularly to handling gNB-gNB and inter-UE cross-link interference (CLI) for DTDD and SBFD operations. 
Background
In conventional TDD operation, the limited allocation of time slots in the UL direction results in reduced coverage, increased latency, and reduced UL capacity. NR duplexing flexibility, i.e., dynamic TDD and subband non-overlapping full duplex (SBFD), has the capacity to enhance the limitations of TDD, as it allows flexible resource allocation to adapt to varying traffic patterns. This can be achieved through the flexible allocation of UL and DL slots and the co-existence of UL and DL bandwidth parts within a conventional TDD band. However, duplexing flexibility may result in cross link interference (CLI) between gNBs (gNB-gNB CLI), between UEs (UE-UE CLI) as shown in Figure 1. The presence of CLI can be detrimental to the performance of both DTDD and SBFD. For example, initial simulation results show up to 15% loss in UL spectral efficiency due to severe gNB-gNB CLI in dense urban deployment ‎[2]. Therefore, in this contribution we propose techniques to handle CLI.

[image: ]
[bookmark: _Ref102033163]Figure 1: Interferences in dynamic TDD and SBFD.
gNB-gNB CLI Handling 
Uplink power boosting 
UL power boosting can be employed as a mechanism for handling the problem of gNB-gNB CLI in DTDD and SBFD systems. This is because, UE transmit power boosting can help to increase UL SINR at a victim gNB in the presence of gNB-gNB CLI. In the current specification a single UL power control loop is defined for transmission in all UL slots, which means that applying UL power boosting will increase the UE transmit power equally on all UL slots. However, DTDD and SBFD systems consist of two slot types – slots that experience gNB-gNB CLI (CLI slots) and slots that do not experience gNB-gNB CLI (non-CLI slots). This is illustrated in Figure 2, where one set of slots in the victim gNB experience both gNB-gNB CLI and co-channel interference (CCI) and another set of slots experience only CCI. As a result, applying UL transmit power boosting in DTDD and SBFD systems based on the current specification will boost the transmit power equally on CLI and non-CLI slots. This will cause power wastage on non-CLI slots since they experience no gNB-gNB CLI and therefore do not require any power boosting for CLI handling. 
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[bookmark: _Ref111197078]Figure 2: Illustration of CLI and non-CLI slots in dynamic TDD
A mechanism to address this issue is to provide two UL power control loops to the UE as shown in Figure 3, where one power control parameter, , is applied to CLI slots and another power control parameter, , is applied to non-CLI slots. However, the current specification does not allow such flexibility in UL power control. Therefore, the feasibility of enabling two UL power control loops for gNB-gNB CLI handling in DTDD and SBFD should be studied for all UL transmissions (e.g., PUSCH transmission, PUCCH transmission, SRS transmissions). Moreover, the two power control loops and the sets of slots where they are applied must be indicated to the UE through RRC signalling or layer-1 signalling. We propose that a bitmap can be used for the slot indication to the UE. The UE applies one UL power control loop for the set of slots with bit value = 0, and the other UL power control loop for the set of slots with bit value = 1, as shown in Figure 3. 
[image: ]
[bookmark: _Ref111197142]Figure 3: Two power control loops for CLI and non-CLI slots
[bookmark: Observation7][bookmark: _Ref118367671]Observation 1: Applying UL power boosting across all UL slots will cause power wastage on non-CLI slots.
[bookmark: proposal3][bookmark: proposal_3][bookmark: _Ref118368090]Proposal 1: RAN1 to study the feasibility of enabling two UL power control loops for gNB-gNB CLI handling in DTDD and SBFD.   
[bookmark: proposal4][bookmark: proposal_4][bookmark: _Ref118368112]Proposal 2: Support the use of a bitmap for slot indication to the UE when two UL power control loops are enabled for gNB-gNB CLI handling in DTDD and SBFD.   
Evaluation for uplink power boosting
In this section, we evaluate the effectiveness of UL power boosting in handling gNB-gNB CLI. The evaluation presents UL SINR and average UL UPT obtained from system level simulations for both DTDD and SBFD. In the case of DTDD, the evaluation is caried out in a HetNet (two-layer) scenario with misaligned TDD patterns [2]. The small cells are assumed to be the victim cells since the macro cells as aggressor cells represents the worst-case scenario due to their higher transmission power. In the SBFD case, the evaluation is carried out for dense urban deployment scenario. In both cases, the UEs in a victim cell are configured to apply a power offset during CLI slots. Power offsets of 5 dB and 10 dB are considered. 
Figure 4 (a) and Figure 4 (b) show the post processing UL SINR for CLI and non CLI slots in victim cells for DTDD and SBFD, respectively. As can be seen, the non-CLI slots achieve a higher UL SINR compared to CLI slots when no power offset is applied. However, as shown in the figure, the UL SINR in the victim cell can improve with increasing power offset. For DTDD, applying a power offset of 10 dB can improve the UL SINR by approximately 10 dB. For the case of SBFD, a power offset of 10 dB can close the SINR gap between CLI and non-CLI slots. 
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(a)                                                                                     (b) 
[bookmark: _Ref118202878]Figure 4: Post Processing UL SINR for non-CLI and CLI slots with different power offsets: (a) DTDD (b) SBFD
Figure 5 (a) and Figure 5 (b) show the average UL UPT at the victim cell for DTDD and SBFD, respectively. The improvement in UL SINR due to UL power boosting results in higher average UL UPT. Throughput gain of approximately 25% can be achieved for the SBFD case when the power offset is equal to 10 dB. The evaluation results show that enabling UL power boosting for DTDD and SBFD systems can significantly improve UL performance in the presence of inter-gNB CLI. 
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(a)                                                                      (b)
[bookmark: _Ref118202915]Figure 5: Average UL UPT in victim cell with different power offsets: (a) DTDD (b) SBFD
[bookmark: _Ref118367706]Observation 2: Enabling UL power boosting on CLI slots can significantly improve UL SINR and UL UPT in the presence of gNB-gNB CLI.
UE-UE CLI measurement
Inter-subband UE-UE CLI measurements  
In R16 SRS-RSRP measurements was introduced to assess the inter-cell, co-channel UE-UE CLI from non-synchronized TDD. In SBFD, on the other hand, the adjacent sub-band intra-cell aggressor candidates need to be compared, too. Although the interference power leaking into the victim’s subband cannot be measured directly by this method, but for ranking aggressors this might not be required. By avoiding simultaneous scheduling with the worst UE aggressor candidates, co-channel (i.e., intra-subband) intercell interference (from aggressor BS – in the case of aligned SBFD layouts) will likely dominate. If so, then measuring and comparing the SRS-RSRP of the adjacent subband aggressor candidates may be sufficient for UE-UE CLI-aware scheduling, without accurately estimating the leakage ratio into the victim’s DL subband.
[bookmark: _Ref111210898][bookmark: _Ref118368128]Proposal 3: Study whether SRS-RSRP-based ranking of UE aggressor candidates is sufficient for the optimization of UL-DL inter-subband CLI.
Alternatively, to assess the interference power that effectively leaks into the victim UE’s DL reception, the victim UE could measure CLI-RSSI in its downlink subband. Based on the reported CLI-RSSI the scheduler may not be able to discriminate between the inter-subband cross-link interference(s) and the intra-subband inter-cell interference (DL-DL or UL-DL), unless e.g., the latter is muted. RRC IE RateMatchPattern may be used for RB-level PDSCH muting purposes.   
Furthermore, the adjacent subband interference ratio can also be estimated if CLI-RSSI can be measured in both the aggressor’s subband and the victim’s subband while inter-cell interference is muted in both subbands during the measurement. Yet, this ratio may or may not be necessary (e.g., to offset reported SRS-RSRP values) for the scheduling based on the circumstances. 
[bookmark: _Ref111210902][bookmark: _Ref118368151]Proposal 4: Study the feasibility and cost of muting co-channel interferer for the assessment of inter-subband UE CLI using CLI-RSSI measurements.
In the current specification, UE-UE CLI measurement is supported by Layer-3 measurement and reporting framework. This allows accurate measurement and tracking of the large-scale fading w.r.t. the aggressor using L3 filtering (which can also be disabled). Up to 32 different SRS-RSRP and 64 CLI_RSSI measurement objects can be configured with separate measurement resources. The minimum latencies of RRC configuration and event triggered RRC reporting are in the realm of ten milliseconds (while periodic reporting could be configured with an interval of minimum 120ms), which is adequate for coordinating measurements and interference mitigation with neighbour cells, but for ad-hoc assessment of inter-subband cross-link interferences within the cell may be too slow. Due to the dynamic nature of SBFD scheduling and the increased number of UE-UE pairs to be assessed, Layer-3 UE-UE CLI measurement enabling and disabling may not be flexible enough. Therefore, the need for Layer-1 UE-UE CLI measurement, and the details of its features should be studied. 
[bookmark: _Ref111210904][bookmark: _Ref118368162]Proposal 5: Support Layer-1 UE-UE CLI measurement and study the details of its features.
Reverse UE-UE CLI measurements
One challenge for SBFD deployment is the presence of legacy UEs that don’t support R16 CLI measurement. For such UEs, the network can’t adopt scheduling algorithm to avoid simultaneous scheduling of UE with proximity (i.e., with high inter-UE CLI). One possible solution is utilizing the CLI report from a UE that supports CLI measurement to estimate the CLI that UE could cause to legacy UE that doesn’t support CLI measurement. UE-UE CLI-prediction based on measurement in reverse Tx-Rx direction can be used to protect legacy UEs not supporting UE-UE CLI measurements. However, due to asymmetries of Tx and Rx branches (e.g., number of Tx and Rx antennae), Tx-Rx reciprocity will not always hold, or will hold for large-scale propagation parameters only. Therefore, RAN1 should study the feasibility of using “reverse” UE-UE CLI measurement to protect legacy UEs not supporting CLI measurements.
In FR1, we may consider, for simplicity, an example configuration of 1Tx4Rx antenna configuration for both the aggressor and the victim UEs. In reverse CLI-measurement, the victim has the role of Tx instead of Rx, and the aggressor turns to Rx instead of Tx. To collect measurements over all antennae of the victim UE, the victim can be configured to transmit a set of SRS resources with ‘usage’ set to ‘antennaSwitching’ ‎[3] (Figure 7). As for the measuring UE, according to the current standard, the following behavior can be configured for each SRS-Resource separately:
Step 1. Measure SRS-RSRP per each Rx branch
Step 2. Aggregate SRS-RSRP over Rx branches
Step 3. Filter SRS-RSRP
Step 4. (Evaluate trigger if event triggered reporting)
Step 5. Report results along with Meas-id and SRS-id
[image: ]
Figure 6: Forward and reverse CLI-measurement and prediction scenarios involving one legacy UE without CLI-measurement UE capability.
The above SRS-RSRP measurement behavior has the following limitations when used for reverse CLI-prediction: 
· Only the aggregate SRS-RSRP value is reported dropping the values measured per Rx antenna.
· SRS-resources transmitted over switched antennae will be reported on separately by measuring UE, causing inefficiency.
Therefore, we propose that the UE reports SRS-RSRP (or CLI-RSSI) per Rx antenna separately and SRS-RSRP measurement resource can be configured to report an aggregate SRS-RSRP value measured over a set of SRS resources.
[image: ]
[bookmark: _Ref110506082]Figure 7: SRS-RSRP measurement with transmit-side usage of ‘antennaSwitching’ using the current features of the standard
[bookmark: _Ref111210735][bookmark: _Ref118367732]Observation 3: UE-UE CLI-prediction based on measurement in reverse Tx-Rx direction is useful to protect legacy UEs not supporting such measurements. 
[bookmark: _Ref111210907][bookmark: _Ref118368172]Proposal 6: RAN1 to study the feasibility of using “reverse” UE-UE CLI measurement to protect legacy UEs not supporting such measurements.
[bookmark: _Ref111210737][bookmark: _Ref118367766]Observation 4: SRS-RSRP measurement has the following limitations when used for reverse CLI-prediction: 
· Only the aggregate SRS-RSRP value is reported dropping the values measured per Rx antenna.
· SRS-resources transmitted over switched antennae will be reported on separately by measuring UE, causing inefficiency.
[bookmark: _Ref111210909][bookmark: _Ref118368194]Proposal 7: UE can be configured to report SRS-RSRP (or CLI-RSSI) per Rx antenna separately.
In FR2, potential differences in the Tx and Rx analog beam patterns may hinder Tx-Rx reciprocity in reverse CLI-measurement scenario. Therefore, the measuring UE should be configured to use its appropriate Tx analog beam pattern (instead of Rx beam pattern). To this end, the configuration QCL-TypeD spatial relationship information should be supported for SRS-RSRP measurement resources. Figure 8 illustrates how FR2 analog beam patterns (aggressor Tx and victim Rx, or vice versa in reverse measurement case) influence the SRS-RSRP measurement. Dominant propagation paths through main or side lobes of Tx and Rx beam patterns are possible as illustrated by the examples. Small changes in the beam pattern may yield large differences in antenna gain in the neighbourhood of edges of the main beam and nulls between the side lobes.  
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[bookmark: _Ref110508349]Figure 8: FR2 analog beam patterns influencing (forward/reverse) SRS-RSRP measurement.
[bookmark: _Ref111210744][bookmark: _Ref118367790]Observation 5: In FR2 reverse CLI-measurement scenario, measuring UE should be configured to use its Tx analog beam pattern (instead of Rx beam pattern).
[bookmark: _Ref111210914][bookmark: _Ref118368204]Proposal 8: SRS-RSRP measurement can be configured with QCL-TypeD (spatial relationship information).
Optimized UE-to-UE CLI measurements
In R16 SRS-RSRP, a victim UE is configured to perform measurement on SRS resources transmitted by an aggressor UE. For both the transmitting and measurement UEs, dedicated resources are configured to enable SRS-RSRP measurement, which incurs a high resource overhead. For R16 CLI-RSSI measurement, on the other hand, the UE is configured to measure the average received power on specified time-frequency resources. In both cases, the UE cannot report the presence of UE-UE CLI unless there are resources available for CLI measurements. Moreover, due to the dynamic scheduling of UEs, fast CLI measurements and reporting are required to effectively handle the impact of UE-UE CLI. Following the current specifications will require that more resources are configured for more frequent UE-UE CLI measurement and reporting, which will further increase the measurement resource overhead.   
In the case of CLI-RSSI, the UE measures interference from multiple sources and therefore cannot differentiate between different sources of interference and their respective interference levels. For effective CLI handling by gNB, it will be beneficial to reduce CLI measurement resource overhead while being able to differentiate between different aggressors. To address these issues, we propose the following optimized CLI measurements schemes.
[bookmark: _Ref127287210]Observation 6: Fast CLI measurements are required due to dynamic scheduling of UEs. Configuring resources for such fast CLI measurements will increase measurement resource overhead.
[bookmark: _Ref127285769][bookmark: _Ref127183488]Observation 7: Based on R16 CLI reporting, the UE cannot report the presence of CLI unless the CLI measurement is configured by the network.
SRS-RSRP measurement within guard band
In SBFD, a slot can be partitioned into DL and UL subbands with guard bands (GB) between them. The GB resources are not used for UL or DL transmissions, and these resources can be configured to be used for CLI measurements, as shown in Figure 9. This can reduce the resource overhead for SRS-RSRP measurements and make efficient use of GB resources. However, the existing SRS configuration is not suitable for SRS-RSRP measurement within a GB. This is because up to 272 RBs can be configured for SRS-RSRP measurement, and the GB will not have such high number of RBs available. Therefore, to enable SRS-RSRP measurement within a GB, new SRS configurations must be designed. For example, an integer number of RBs, other than multiples of 4, can be configured for SRS transmission or SRS-RSRP measurement within a GB. Also, the UE can be configured to perform SRS-RSRP measurement on multiple (up to 14) symbols, instead of the restriction of 1 symbol in the existing configuration. Since the GB has fewer number of RBs, allowing SRS-RSRP measurement over multiple symbols can improve measurement accuracy. Therefore, it is important to study optimized SRS configurations that can enable effective SRS-RSRP measurements within a GB.  
[bookmark: _Ref127183182]Observation 8: SRS-RSRP measurement within a GB can address resource overhead problem and make good use of available GB resources.
[bookmark: _Ref127285889]Observation 9: Efficient SRS-RSRP measurement within a GB requires redesigning of SRS configuration to fit GB size.
[bookmark: _Ref127183601][bookmark: _Ref127286310]Proposal 9: Study optimized SRS configurations for CLI measurement within a GB.
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[bookmark: _Ref127182946]Figure 9: SRS-RSRP measurement using GB resources.
CLI measurement with frequency differentiation 
Victim-aggressor pair knowledge is essential for CLI-aware scheduler since it can be used to mitigate CLI by scheduling UE pairs that do not cause sever CLI to each other. As there are multiple UE transmissions in the UL subband of a given slot, the current CLI-RSSI measurement doesn’t provide information on which UE(s) are the high aggressor. To enable CLI measurement that helps in identifying the aggressor UE(s), frequency differential can be employed. One way to achieve frequency differentiation in CLI measurement is to configure victim UEs to perform measurements on groups of RBs within the UL-SB of SBFD partitioned slots/symbols. The UE can be configured to include RB group indexes in the measurement report, which will enable the gNB to identify the aggressor UE(s) as the UE(s) scheduled on the reported RBs. An example is shown in Figure 10, in which the victim UE will report high UE-UE CLI for RB Groups 1 and 2, and no UE-UE CLI for RB Group 3. However, the current specification does not support such frequency differentiation for CLI measurement.  Therefore, it is important to bring enhancement to CLI measurement configuration to allow frequency differentiation when UE-UE CLI measurement is performed on UL-SB.
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[bookmark: _Ref127182911]Figure 10: CLI measurement on UL subband with frequency differentiation.
[bookmark: _Ref127183199]Observation 10: Frequency differentiation for CLI measurement on UL-SB can enable gNB to identify individual CLI aggressors.
[bookmark: _Ref127183632][bookmark: _Ref127286325]Proposal 10: Study CLI measurement on UL-SB with frequency differentiation 
Autonomous UE-UE CLI Detection 
Another approach to reduce CLI measurement resource overhead and enable faster UE-to-UE CLI reporting is for UE to detect CLI autonomously, i.e., UE can detect and report the presence of CLI without any dedicated resource configuration for CLI measurement. This can increase system capacity by enabling resources to be configured for data transmission instead of CLI measurement. Autonomous UE-UE CLI detection can be achieved in two ways. First, the UE can detect CLI without the need/configuration of resource for CLI measurement. In this case, the UE relies on its capability to identify the presence of high interference while receiving any reference signal or channel. Second, the UE can perform CLI measurements using existing reference signals (e.g., DMRS for PDSCH/PDCCH) as CLI measurement resource. 
In both cases, a new reporting framework can be configured for the reporting of autonomous detected CLI, which may include an indication of the detected CLI level, the resources on which CLI was detected, the number of reports and the interval between reports. The UE can be configured to trigger a UE-UE CLI report when an entry condition for CLI reporting is satisfied, and to stop reporting when a leaving condition for CLI reporting is satisfied. The current specification does not allow such autonomous detection and reporting of UE-UE CLI. It is therefore important to study such an approach since it can reduce measurement resource overhead while enabling more frequent UE-UE CLI reporting. 
[bookmark: _Ref127285906]Observation 11: Autonomous UE-UE CLI detection can reduce measurement resource overhead and enable faster CLI reporting.
[bookmark: _Ref127183693]Proposal 11: Allow autonomous UE-UE CLI detection and study the details of a corresponding CLI reporting framework.
Conclusions
In this contribution, we make the following observations and proposals. 
Observation 1: Applying UL power boosting across all UL slots will cause power wastage on non-CLI slots.
Observation 2: Enabling UL power boosting on CLI slots can significantly improve UL SINR and UL UPT in the presence of gNB-gNB CLI.
Observation 3: UE-UE CLI-prediction based on measurement in reverse Tx-Rx direction is useful to protect legacy UEs not supporting such measurements.
Observation 4: SRS-RSRP measurement has the following limitations when used for reverse CLI-prediction:
· Only the aggregate SRS-RSRP value is reported dropping the values measured per Rx antenna.
· SRS-resources transmitted over switched antennae will be reported on separately by measuring UE, causing inefficiency.
Observation 5: In FR2 reverse CLI-measurement scenario, measuring UE should be configured to use its Tx analog beam pattern (instead of Rx beam pattern).
Observation 6: Fast CLI measurements are required due to dynamic scheduling of UEs. Configuring resources for such fast CLI measurements will increase measurement resource overhead
Observation 7: Based on R16 CLI reporting, the UE cannot report the presence of CLI unless the CLI measurement is configured by the network.
Observation 8: SRS-RSRP measurement within a GB can address resource overhead problem and make good use of available GB resources
Observation 9: Efficient SRS-RSRP measurement within a GB requires redesigning of SRS configuration to fit GB size
Observation 10: Frequency differentiation for CLI measurement on UL-SB can enable gNB to identify individual CLI aggressors.
Observation 11: Autonomous UE-UE CLI detection can reduce measurement resource overhead and enable faster CLI reporting

Proposal 1: RAN1 to study the feasibility of enabling two UL power control loops for gNB-gNB CLI handling in DTDD and SBFD.
Proposal 2: Support the use of a bitmap for slot indication to the UE when two UL power control loops are enabled for gNB-gNB CLI handling in DTDD and SBFD.
Proposal 3: Study whether SRS-RSRP-based ranking of UE aggressor candidates is sufficient for the optimization of UL-DL inter-subband CLI.
Proposal 4: Study the feasibility and cost of muting co-channel interferer for the assessment of inter-subband UE CLI using CLI-RSSI measurements.
Proposal 5: Support Layer-1 UE-UE CLI measurement and study the details of its features.
Proposal 6: RAN1 to study the feasibility of using “reverse” UE-UE CLI measurement to protect legacy UEs not supporting such measurements.
Proposal 7: UE can be configured to report SRS-RSRP (or CLI-RSSI) per Rx antenna separately.
Proposal 8: SRS-RSRP measurement can be configured with QCL-TypeD (spatial relationship information).
Proposal 9: Study optimized SRS configurations for CLI measurement within a GB
Proposal 10: Study CLI measurement on UL-SB with frequency differentiation
Proposal 11: Allow autonomous UE-UE CLI detection and study the details of a corresponding CLI reporting framework.
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