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Introduction
For Rel-18, a study item on evolution of NR duplex operation has been approved [1], where the objectives identified for the study item are as follows:
	    The objective of this study is to identify and evaluate the potential enhancements to support duplex evolution for NR TDD in unpaired spectrum.
In this study, the followings are assumed:
· Duplex enhancement at the gNB side
· Half duplex operation at the UE side
· No restriction on frequency ranges
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. 



In this contribution, we discuss subband non-overlapping full duplex (SNFD) operations, based on the analysis on effects of intra-/inter-subband CLI with our initial simulation results, and discuss issues on power management aspects and sensing-based CLI mitigation.
Discussions
Subband non-overlapping FD operations
NR supports dynamic/flexible time division duplex (TDD) based on a slot format indicator (SFI) that can be indicated to a group of UEs by a group-common (GC) DCI (format 2_0). In addition, semi-static configurations via tdd-UL-DL-config-common/dedicated can be configured, where the transmission pattern for each slot/symbol can be configured as either of ‘D’ as downlink, ‘U’ as uplink, and ‘F’ as flexible.
Up to NR Rel-17, most practical assumptions for duplexing are half duplex (HD) for both gNB and UE. In Rel-18, enhancements to support full duplex (FD) at least for gNB have been proposed and endorsed as the study item, see Figure 1. Moreover, subband non-overlapping FD (SNFD), as illustrated in Figure 2, has been identified as a promising approach, since it offers greatly reduced FD implementation complexity in terms of cancelling self-interference (SI) and mitigating cross-link interference (CLI), at least, at the gNB side.
[image: A picture containing text, clock, watch

Description automatically generated]
Figure 1. Illustration on NR TDD framework based on FD-gNB and HD-UEs in a cell
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Figure 2. Illustration on subband non-overlapping FD-gNB and HD-UEs in a cell
For a single UE perspective, a UE in a cell illustrated in Figure 2 can be informed of such a mixed D/U regions across RBs per symbol/slot, where the informed mixed D/U regions to the UE can be a new type of SFI, denoted by ‘MF’, which can be an enhanced version of ‘F’. The UE can perform a UL Tx when the scheduled UL Tx is matched with a UL region of the indicated ‘MF’ on a given symbol/slot. 
For example, if the scheduled UL Tx for the UE across the 3 consecutive slots (as illustrated in Figure 2) is within a UL region of ‘MF’ per slot basis, the UE can perform the UL Tx across the 3 slots which results in a UL coverage/capacity enhancement, while in the cell perspective, parallel DL transmissions toward other UEs over other non-overlapped RBs can be performed by the FD-gNB.
To have a sufficient flexibility in terms of network implementation, multiple ‘MF’ types can be pre-configured to the UE with multiple variations on the D/U region separation and distribution, and one of the multiple can be dynamically selected per slot basis.
The granularity of a subband also needs to be discussed where the granularity should at least be a group of RBs, or BWP-level of the granularity may also be considered. For the case of BWP-level SNFD, a subband indication for the SNFD operations can be based on reusing an existing BWP indicator in a DCI. Or, alternatively, the BWP indication can be interpreted as muted RBs/BWP region in terms of DL reception or UL transmission to be rate-matched around the muted RBs, as a simplified SNFD operation. Both the RB-level and BWP-level granularity of subband has its own trade-off benefits, and need to be considered in this study.
Observation 1. Mixed D/U regions informed to a UE per symbol/slot in a cell can be used for a subband-wise UL transmission or DL reception, which results in UL coverage/capacity enhancement while achieving parallel DL transmissions over non-overlapped RBs. 
Proposal 1. Study mechanisms on how to inform UE of mixed D/U regions per symbol/slot as an enhancement of SFI to achieve subband non-overlapping FD (SNFD).

Analysis on effects of intra-/inter-subband CLI 
In this subsection, we discuss effects of intra-subband and inter-subband CLI based on initial LLS results, where we conducted the LLS to see how much negative impacts on DL reception on a subband (e.g., RBs) can be observed, when intra-subband CLI on the same overlapped subband or inter-subband CLI on adjacent or non-overlapped subband exist due to nearby other UE’s uplink transmissions.
Simulation assumptions for the LLS are summarized in Appendix. We considered a duplexing scheme where the DL signal can be considered to be a couple of dBs less than, greater than or equal to the UL (CLI) signal. For a given UL (CLI) RB allocation, we evaluated the DL receiver performance for varouis RB allocations over the system bandwidth considering several degrees of intra and inter subband CLI overlaps as shown in Figure 3. For the initial results presented, no signal impairments due to PA nonlinearity or other imperfections, etc. are considred, where such impairments may further increase the adjacent inter-subband CLI level. 
Additionally, the performance evaluations considered some timing advance (up to half an OFDM symbol) being applied between the DL and UL, which represents a realistic environment when UE-to-UE CLI exists, as an uplink (CLI) signal transmission timing is controlled by a timing advance mechanism from its serving cell/TRP.
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Figure 3. Throughput vs SNR: DL signal and CLI having same power level
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Figure 4. Throughput vs SNR: CLI power 18dB below DL signal

Figures 3 and 4 show throughput performance for the DL signal affected by intra- and inter-subband CLI with different power levels relative to the DL signal. Figure 3 is for the case when CLI and DL signal power are identical, while Figure 4 is for the case where CLI power level is 18dB below the DL signal. The throughput performance curves are generated based on applying the half symbol timing advance on the CLI signal in both figures. 
It can be seen from both Figure 3 and Figure 4 that, for a given MCS index, i.e., MCS-27, the DL throuhgput performance suffers considerably from the effects of CLI and approaches almost zero when there is any amount of intra-subband CLI being overlapped with the DL signal. Moreover, the ICI as a result of the inter-subband CLI has a severe impact on the throughput when the inter-subband CLI is adjacent to the DL signal with 0-RB gap in between. Throughput performance improves significantly to 90% of the maximum throughput when the adjacent subband gap between the DL signal and the inter-subband CLI is at least 2RBs in this example scanario. 

Observation 2. DL throughput performance suffers considerably at high MCSs and approaches to almost zero when there is any degree of intra-subband CLI overlap with DL signal.
Observation 3. Inter-carrier interference, resulting from time advance on inter-subband CLI may impact DL throughput performance significantly, especially at high MCS indices, when there is no adjacent inter-subband distance between the DL signal and the CLI, i.e., 0-RB gap.
Observation 4. At high MCS indices, DL throughput performance recovers to 90% of the maximum throughput when the inter-subband distance between the DL signal and the CLI signal is at least 2-RB in this example scenario.
Proposal 2. Consider a frequency gap, in RBs between a UL signal (as CLI) and a DL signal, as one of important evaluation parameters and to be further studied along with discussions on CLI handling mechanisms.

On power management aspects 
A granularity of a subband in the SNFD scenario can be a group of RBs. Since the gNB can flexibly schedule a UL transmission over a set of RBs on a subband for a UE, this may be adjacent to another subband being allocated for DL in SNFD. As observed by Figures 3 and 4 as the initial LLS results, the UL transmission may cause a severe UE-to-UE CLI leakage on the adjacent DL subband, which depends on the frequency gap between the UL RBs and the DL RBs.
One way of handling this CLI issue is to consider dynamic UL power control depending some factors such as the frequency gap, beam/spatial-domain parameter, a priority indication on the UL, and so on. Dynamic link adaptation mechanism can also be considered similarly. For example, MCS adjustment depending on the factors can be beneficial to mitigate the effects of the CLI dynamically.
Observation 5. In the SNFD scenario, a UL transmission over a subband causes significant UE-to-UE CLI leakage on the adjacent DL subband depending on a frequency gap between the UL RBs and DL RBs of each subband. 
Proposal 3. Study dynamic UL power control mechanism based on some dynamic factors such as the frequency gap, beam/spatial-domain parameter, or a priority indication on the UL, to mitigate the effects of the CLI dynamically.

On the other hand, gNB may apply a downlink power backoff on some SNFD slots or symbols to deal with self-interference caused by the FD operation as a part of gNB implementation. This can have some impacts to UE behaviors unless the amount of power backoff is negligible on a given slot. 
Since such a power management behavior can be in a dynamic manner in the SNFD scenario, it is beneficial to consider informing UE of the dynamic power adjustment and related operations. For example, UE can apply the information to a CSI calculation by adjusting a channel power-level for compensation to improve CSI accuracy, and depending on the information the UE may be better skipping some measurements on the SNFD slots/symbols. Details on when and how to trigger these behaviors are to be further studied to deal with the UE-to-UE CLI.
Observation 6. As a part of gNB implementation, the gNB may apply a downlink power backoff on some SNFD slots or symbols to deal with self-interference caused by the FD operation, which can impact to UE behaviors depending on the amount of power backoff. 
Proposal 4. Consider to apply measurement skipping on some SNFD slots/symbols and power adjustment in deriving a CSI, depending on a level of dynamic power management occurred in the SNFD scenario.


Issues on sensing-based CLI mitigation 
In general, DL/UL resource assignment for a UE can be based on CSI/beam measurement and reporting procedures supported in NR. Based on the CSI/beam measurements performed on a configured DL RS (e.g., CSI-RS) resource, the UE can report one or more preferred beam/RS indexes along with corresponding quality metrics such as CQI, L1-RSRP, or L1-SINR. The reported contents can be subband-wise, depending on gNB’s configuration, and those can be used for gNB’s scheduling on the DL/UL resource assignment for the UE. The beam information for the DL/UL resource assignment can be based on an indicated transmission configuration indicator (TCI) for a DL/UL channel/signal. When the UE receives a grant (DCI), the UE can apply a spatial filter determined by the indicated beam information to perform the DL reception or the UL transmission. These general procedures are not based on any dynamic information related to CLI (e.g., UE-to-UE CLI) as the UE’s measurement and reporting is based on a configured RS resource which is relavent only with the gNB.
A CLI due to a signal transmitted by other (aggressor) UE can be present and severely degrade a reception performance of a DL signal by the grant at the UE, where the presence of the interference may not be known prior to the grant, e.g., in case when the aggressor UE is associated with a different serving-cell/TRP. Due to the CLI which is not captured in the general CSI/beam reporting, the UE may fail to receive the DL signal, which degrades the DL performance. The failure in receiving the DL signal can continue to happen, in case when such unexpected UE-to-UE CLIs may exist for a duration of time.
Since such an UE-to-UE CLI can happen unexpectedly, it is beneficial to consider an event-based CLI sensing behavior at the (victim) UE side, where the sensing behavior can be conducted per subband which can be configured to the UE as performing subband-wise CLI measurement and reporting. Then, the victim UE can report the subband-wise CLI sensing results, which can be used at the gNB to determine whether the assigned DL/UL resource to the UE is better to be changed to a different subband to avoid the CLI on a subband. The event-based CLI sensing done at the victim UE may greatly simplify the network and UE implementation for CLI handling, as this procedure is transparent to the aggressor UE side. The event can at least include a case when the victim UE detects a PDSCH reception failure, e.g., along with NACK transmission in general.
Observation 7. Since a general CSI/beam reporting in NR is not based on dynamic CLI-related information, a victim UE may unpredictably experience DL performance degradation if a UE-to-UE CLI occurs especially when an aggressor UE is served by a different serving gNB/TRP. 
Proposal 5. Study an event-based CLI sensing behavior at the victim UE side, where the event can at least include a case when the victim UE detects a PDSCH reception failure, which initiates a subband-wise CLI measurement/reporting for a subband switching to avoid the CLI.


Summary
In this contribution, we discussed subband non-overlapping full duplex (SNFD) operations, based on the analysis on effects of intra-/inter-subband CLI, and discussed issues on power management aspects and sensing-based CLI mitigation. From the discussions, we made following observations and proposals: 
[bookmark: _Hlk67922231]Observation 1. Mixed D/U regions informed to a UE per symbol/slot in a cell can be used for a subband-wise UL transmission or DL reception, which results in UL coverage/capacity enhancement while achieving parallel DL transmissions over non-overlapped RBs. 
Observation 2. DL throughput performance sufferes considerably at high MCSs and approaches to almost zero when there is any degree of intra-subband CLI overlap with DL signal.
Observation 3. Inter-carrier interference, resulting from time advance on inter-subband CLI may impact DL throughput performance significantly, especially at high MCS indices, when there is no adjacent inter-sbband distance between the DL signal and the CLI, i.e., 0-RB gap.
Observation 4. At high MCS indices, DL throughput performance recovers to 90% of the maximum throughput when the inter-subband distance between the DL signal and the CLI signal is at least 2-RB in this example scenario.
Observation 5. In the SNFD scenario, a UL transmission over a subband causes significant UE-to-UE CLI leakage on the adjacent DL subband depending on a frequency gap between the UL RBs and DL RBs of each subband. 
Observation 6. As a part of gNB implementation, the gNB may apply a downlink power backoff on some SNFD slots or symbols to deal with self-interference caused by the FD operation, which can impact to UE behaviors depending on the amount of power backoff. 
Observation 7. Since a general CSI/beam reporting in NR is not based on dynamic CLI-related information, a victim UE may unpredictably experience DL performance degradation if a UE-to-UE CLI occurs especially when an aggressor UE is served by a different serving gNB/TRP. 

Proposal 1. Study mechanisms on how to inform UE of mixed D/U regions per symbol/slot as an enhancement of SFI to achieve subband non-overlapping FD (SNFD).
Proposal 2. Consider a frequency gap, in RBs between a UL signal (as CLI) and a DL signal, as one of important evaluation parameters and to be further studied along with discussions on CLI handling mechanisms.
Proposal 3. Study dynamic UL power control mechanism based on some dynamic factors such as the frequency gap, beam/spatial-domain parameter, or a priority indication on the UL, to mitigate the effects of the CLI dynamically.
Proposal 4. Consider to apply measurement skipping on some SNFD slots/symbols and power adjustment in deriving a CSI, depending on a level of dynamic power management occurred in the SNFD scenario.
Proposal 5. Study an event-based CLI sensing behavior at the victim UE side, where the event can at least include a case when the victim UE detects a PDSCH reception failure, which initiates a subband-wise CLI measurement/reporting for a subband switching to avoid the CLI.
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Appendix – Simulation assumptions
[bookmark: _Hlk101961961]Table 1. LLS simulation assumptions
	Parameter
	Value

	Frequency Range
	FR1

	Antenna Configuration
	1Tx-2Rx

	Carrier Frequency
	4GHz

	SCS
	15kHz

	MCS
	4, 10, 19 and 27

	System BW
	20MHz

	Allocated no. of RBs for UL and DL signals
	DL (Victim): 1RB, 2RBs, 5RBs, 10 RBs, 25RBs, 50RBs 

	
	UL (Aggressor): 25RBs 

	DL to UL power ratio (dB) 
	-6dB, 0dB, 6dB, 18dB

	UL timing advance over DL  
	0 , 1/2 of a symbol, 1/4 of a symbol

	Propagation condition
	TDL-A 

	Delay Spread
	30ns

	UE Velocity
	3km/h

	DMRS
	DM-RS type-1, # of DMRS 1 + 1    

	Channel estimation
	Realistic

	Receiver Type
	MMSE

	PA nonlinearity
	None
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