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Introduction
RAN has agreed a new Rel-18 Study Item on Evolution of NR Duplex Operation with the following objectives [1]:
	The detailed objectives are as follows:
· Identify applicable and relevant deployment scenarios (RAN1).
· Develop evaluation methodology for duplex enhancement (RAN1).
· [bookmark: _Hlk89796625]Study the subband non-overlapping full duplex and potential enhancements on dynamic/flexible TDD (RAN1, RAN4).
· Identify possible schemes and evaluate their feasibility and performances (RAN1).
· Study inter-gNB and inter-UE CLI handling and identify solutions to manage them (RAN1). 
· Consider intra-subband CLI and inter-subband CLI in case of the subband non-overlapping full duplex.
· Study the performance of the identified schemes as well as the impact on legacy operation assuming their co-existence in co-channel and adjacent channels (RAN1).
· Study the feasibility of and impact on RF requirements considering adjacent-channel co-existence with the legacy operation (RAN4).
· Study the feasibility of and impact on RF requirements considering the self-interference, the inter-subband CLI, and the inter-operator CLI at gNB and the inter-subband CLI and inter-operator CLI at UE (RAN4).
· Note: RAN4 should be involved early to provide necessary information to RAN1 as needed and to study the feasibility aspects due to high impact in antenna/RF and algorithm design, which include antenna isolation, TX IM suppression in the RX part, filtering and digital interference suppression.
· Summarize the regulatory aspects that have to be considered for deploying the identified duplex enhancements in TDD unpaired spectrum (RAN4).
Note: For potential enhancements on dynamic/flexible TDD, utilize the outcome of discussion in Rel-15 and Rel-16 while avoiding the repetition of the same discussion.


The initial discussions on subband non-overlapping full duplex (SBFD) operation took place during RAN WG1 #109e meeting, where the following agreements and conclusions were reached:
	Agreement
Study whether/how to inform the UE of the time and/or frequency location of subbands that gNB would use for SBFD operation.
Agreement
Study the impact/potential enhancements of resource allocation in symbols with subbands that gNB would use for SBFD operation.
Agreement
At least study SBFD operation within a TDD carrier.
Conclusion
For discussion purpose only, SBFD symbol is defined as symbol with subbands that gNB would use for SBFD operation. 
Conclusion
For discussion purpose, for SBFD operation within a TDD carrier, a SBFD subband consists of 1 RB or a set of consecutive RBs for the same transmission direction.
Agreement
The time and frequency location of subbands within a TDD carrier are not fixed in the specification.
· Subject to any RAN4 guidance on minimum or maximum subband and guardband size and subband location within TDD carrier. 
· Note that whether the time and/or frequency location of subbands are informed to UE is separately discussed.


In this contribution, we continue discussing aspects related to subband non-overlapping full duplex operation, also based on the issues discussed during the RAN WG1 #109e meeting and summarized in [2].  
Discussion
Adjacent-channel CLI
Inter-operator adjacent-channel cross-link interference (CLI) has been studied in Rel-16 for dynamic TDD. Coexistence studies concluded that performance degradation is observed in macro-to-macro FR1 scenario from the gNB-to-gNB interference if not using the same TDD configuration for all operators. For macro-to-macro in FR2, micro-to-micro and indoor scenarios, some performance degradation is observed unless carefully planned. Therefore, dynamic TDD can be used at least for low power and/or indoor gNBs, if care is taken [3]. These conclusions shall be taken as a starting point for the Rel-18 study on evolution of duplex operation. We envision that, from an inter-operator adjacent-channel CLI perspective, SBFD will introduce similar coexistence issues as dynamic TDD. Hence, conclusions from the Rel-16 coexistence studies could be assumed to hold also for SBFD, i.e., feasible deployment scenarios for SBFD should be deployments in FR2 and deployments with low power and/or indoor gNBs in FR1. 
Alternatively, new coexistence studies including macro deployments (e.g. Dense Urban scenario) between static TDD and SBFD will need to be conducted in either RAN1 or RAN4. These correspond to Deployment Case 4 agreed under A.I. 9.3.1 in RAN WG1 #109e. When performing such co-existence studies, RAN1 or RAN4 may end up with the same or similar conclusions as in the Rel-16 coexistence studies for dynamic TDD. In case the baseline assumptions for the SBFD coexistence studies are modified as compared to Rel-16 (e.g. assumptions on gNB ACLR/ACS, gNB collocation, grid shift, etc.), new coexistence studies may need to be done for both dynamic TDD and SBFD scenarios, e.g. a new Deployment Case may need to be introduced to study the co-existence between two operators deploying dynamic TDD under modified assumptions. 
Proposal 1: RAN1 concludes, based on Rel-16 coexistence studies, that feasible deployment scenarios for SBFD are deployments in FR2 and deployments with low power and/or indoor gNBs in FR1. Alternatively, RAN4 may need to conduct new coexistence studies for SBFD (Deployment Case 4) and dynamic TDD (new Deployment Case) including macro deployments (e.g. Dense Urban scenario).
Co-channel CLI
SBFD introduces a new CLI type, namely co-channel inter-subband CLI. This interference can be better classified as:
1. gNB self-interference
2. intra-cell UE-to-UE co-channel inter-subband CLI 
3. inter-cell UE-to-UE co-channel inter-subband CLI
4. gNB-to-gNB co-channel inter-subband CLI
Besides these new CLI types, in case of different frequency domain partitioning in neighbor cells, the system may also suffer from co-channel intra-subband CLI, i.e. CLI from transmissions on overlapping frequency resources: 
5. gNB-to-gNB inter-cell co-channel intra-subband CLI
6. UE-to-UE inter-cell co-channel intra-subband CLI
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[bookmark: _Ref111196331]Figure 1 Co-channel interference types in SBFD deployment
However, inter-cell co-channel intra-subband CLI (5 and 6 in Figure 1) is the same as with dynamic TDD. It should also be noticed that the following was agreed/concluded during RAN WG1 #109e under A.I. 9.3.3:
	Conclusion
The following self-interference scenario and inter-subband CLI scenarios are not considered under AI 9.3.3 (Potential enhancements on dynamic/flexible TDD).
· gNB self-interference
· UE-to-UE intra-cell co-channel inter-subband CLI
· UE-to-UE inter-cell co-channel inter-subband CLI
· gNB-to-gNB inter-cell co-channel inter-subband CLI


Based on such conclusion, we therefore propose that potential enhancements to combat inter-cell co-channel intra-subband CLI are studied under dynamic TDD enhancements in A.I. 9.3.3, while the study on SBFD in A.I. 9.3.2 focuses on evaluating the performance impact of co-channel inter-subband CLI, including the impact on legacy operation, and on potential enhancements to combat this interference type. 
Proposal 2: The study on SBFD in A.I. 9.3.2 focuses on evaluating the performance impact of co-channel inter-subband CLI, including the impact on legacy operation, and potential enhancements to combat this interference type.
Initial considerations on performance and feasibility of SBFD
Self-interference is one of the most challenging interference types introduced with SBFD. Solutions to handle gNB self-interference with full duplex are e.g. physical isolation, analog/RF cancellation, and active digital cancellation. Not that active digital cancellation is typically used to suppress self-interference on overlapping frequency resources. Though non-linear digital cancellation techniques may be applied to attenuate self-interference from non-overlapping frequency resources, their complexity can be quite high as compared to the additional interference-suppression gain they can provide, especially for high number of TxRU in FR1. Therefore, in this contribution we focus on physical Tx-Rx isolation and analog/RF cancellation as primary techniques to combat gNB self-interference with SBFD.   
Figure 2 shows a simplified example of legacy gNB RF architecture, and possible enhancements to achieve the required self-interference suppression needs for SBFD. With legacy RF architecture (1), the power is limited by circulator isolation and antenna matching. Additional RF cancellation is needed to suppress in-band emissions and relax receiver linearity requirements. However, RF cancellation solutions (2) are currently not commercially viable due to their high cost and complexity. Also, the extra noise from additional RF components may further degrade the uplink performance, even when SBFD is not being used. On top of that, the complexity and cost of RF cancellation solutions do not scale nicely with the number of TRXs. For all these reasons, Tx-Rx isolation from separate DL and UL antenna panels (3) is probably the most feasible solution for practical implementation of SBFD at the gNB (though e.g. scattering/clutter near the antenna can still be a problem). However, use of separate DL and UL antenna panels have significant impacts on the antenna size with inevitable consequences for the gNB volume and weight constraints. In other words, for the same antenna size/gNB volume, at least a 3dB array loss may be experienced as compared to the baseline of using the full available array for Tx or Rx. Moreover, the Tx-Rx reciprocity may be somewhat compromised, which may impact the ability to optimize throughput using advanced massive MIMO techniques. More detailed discussions on the feasibility and on the severity of the impacts of SBFD can be found in [7], including numerical examples and qualitative evaluations of the suitability of gNB RF architectures for SBFD operation.
(1) Legacy
(2) RF cancel path
(3) Dual antennas

[bookmark: _Ref111141541]Figure 2 Example of legacy and enhanced gNB RF architecture for better support of SBFD
Simulation results for co-channel scenario are presented in the following based on the models discussed in [7]. In line with the agreements reached RAN1#109-e meeting, Deployment Case 1 is considered where one single operator is simulated and all the cells belonging to the operator use SBFD operation with the same SBFD subband configuration. The network layout corresponds to FR1 Urban Macro as defined in TR 38.901. Static TDD is also simulated for comparison purposes, where a TDD radio frame configuration with DDDSU (S=[12D:2G:0U]) is assumed, while the SBFD frame configuration corresponds to XXXXX with X denoting a SBFD with ~20% UL RBs; this corresponds to ‘Alt 4’ agreed by RAN1 where the goal is to have the same UL/DL resource ratio between Legacy TDD and SBFD. Full buffer traffic model is assumed. With respect to gNB antenna configurations, an antenna array of (M, N, P, Mg, Ng) = (8, 8, 2, 1, 1) is assumed, where the top and bottom 4 rows are used for SBFD transmission and reception, respectively, while the entire antenna array is used for both transmission and reception when simulating TDD; this corresponds to ‘Opt 1’ agreed by RAN1 in RAN1#109-e. 
For the assumed scenario, gNB self-interference, gNB-to-gNB and UE-to-UE inter-subband CLI are present with SBFD. The gNB self-interference is modelled using the frequency-flat model discussed in [7], with three different levels of ratio of self-interference or : 138 dB, 148 dB, and 168 dB. These values correspond to an ACLR of 44 dB plus 70 dB, 80 dB, and 100 dB of self-interference suppression and a scaling factor of 10*log10(250) = 24 dB due to the presence of 250 RBs in the 100 MHz carrier. For the modelling of intra-site inter-sector gNB-gNB inter-subband interference, the same level of suppression as for the ratio self-interference (RSI) is assumed, i.e. . To understand the upper-bound of the SBFD performance, the case with ideal self-interference suppression and ideal gNB-gNB intra-subband suppression is also included. Other simulation assumptions are found in Table 2 in Annex A.
[bookmark: _Hlk111112933]Figure 3 and Table 1 show the CDF and different percentiles of the average UL throughput per UE for TDD and SBFD with different levels of self-interference cancellation. For 80 dB SIC or more, SBFD is shown to provide a significant improvement in the coverage/5%-ile UE UL throughput performance as compared to static TDD. Specifically, up to 4.78x higher 5%-ile UE UL throughput is observed with 100 dB SIC which performs closely to the ideal SBFD case. The coverage gain come from providing the cell-edge power-limited UEs with more UL transmit opportunities over time, as compared to static TDD. Naturally, there is some reduction of the 50%- and 95%-ile UE throughput. Looking at the mean UE UL throughput which gives an indication of the UL spectral efficiency of the system, even in the ideal SBFD case there is a throughput reduction of 14% which is mainly due to the lower number of transmit and receive antennas used for SBFD as compared to static TDD. This is assumed to compare the performance of SBFD and TDD for similar size of the BS antenna array.
Figure 4 shows the CDF of the average DL throughput per UE for TDD and SBFD. Only one case of RSI is shown for SBFD as this doesn’t affect the DL throughput performance significantly. Quite unsurprisingly, no improvement in DL coverage is observed for SBFD. On the contrary, assuming same/similar size of the BS antenna array, some loss at practically all levels of the CDF of the average DL throughput per UE is obtained as compared to TDD resulting in an average degradation of the DL throughput of 5%. Note that in these simulations simple DL rank 1 transmission scheme with 64QAM as the maximum MCS has been used, and we expect to see larger gap between dynamic TDD and SBFD in future simulations when larger rank and MCS is assumed (to better harvest the SINR improvement brought by larger gNB Tx antenna array for TDD).
Observation 1: For full buffer FR1 UMa simulations, SBFD is shown to provide a >2x improvement in the UL coverage/5%-ile UE UL throughput performance as compared to static TDD, if assuming a ratio of self-interference (RSI) of at least 148 dB or more (45 dB ACLR + 80 dB Tx-Rx isolation + scaling factor).
Observation 2: For full buffer FR1 UMa simulations and assuming similar size of the BS antenna array for TDD and SBFD, UL spectral efficiency of SBFD is worse than with static TDD (60%-16% worse depending on the RSI). 
Observation 3: For full buffer FR1 UMa simulations and assuming similar size of the BS antenna array for TDD and SBFD, DL performance of SBFD is worse than with static TDD (approximately 5% worse on average independently of the RSI).
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[bookmark: _Ref111120749][bookmark: _Ref111120741]Figure 3: Average UL throughput per UE.
[bookmark: _Ref111018741]Table 1: Average UL throughput per UE at different percentile points
	
	TDD
	SBFD – RSI: 138 dB
	SBFD – RSI: 148 dB
	SBFD – RSI: 168 dB
	SBFD - ideal

	5%-ile UE UL throughput [Mbps]
	0.278
	0.17 (-39%)
	0.65 (134%)
	1.15 (314%)
	1.33 (378%)

	50%-ile UE UL throughput [Mbps]
	4.1
	1.15 (-72%)
	2.25 (-45%)
	3.36 (-18%)
	3.6 (-12%)

	95%-ile UE UL throughput [Mbps]
	10.55
	3.75 (-64%)
	5.76 (-45%)
	6.57 (-38%)
	6.85 (-35%)

	Mean UE UL throughput [Mbps]
	4.4
	1.7 (-61%)
	2.7 (-39%)
	3.7 (-16%)
	3.8 (-14%)
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[bookmark: _Ref111127907][bookmark: _Ref111121251]Figure 4: Average DL throughput per UE.
Based on these preliminary results and observations, we propose:
Proposal 3: Sufficiently large gain under realistic assumptions should be observed from SBFD as compared to fixed and dynamic TDD to justify the complexity of introducing support for SBFD in the NR specifications.
System design considerations
SBFD operation across TDD carriers
During RAN WG1 #109e, it was discussed whether the study on SBFD operation should only consider SBFD operation within a TDD carrier/cell, or also across carriers/cells. It was agreed to “at least study SBFD operation within a TDD carrier”. It should be noted that SBFD operation across carriers corresponds to support CA between carriers/cells with different TDD configurations. This option is already allowed by current NR specifications, which define UE capability to handle conflicting signaling of UL/DL indication of the same symbol in different cells (half-DuplexTDD-CA-SameSCS-r16), as well as UE behavior to decide whether a symbol is DL or UL (specified in TS 38.213 Sec. 11.1) when conflict signaling is indicated (directionalCollisionHandling-r16 = 'enabled'). Therefore, we think that support of SBFD operation across carriers should be handled with lower priority. 
Proposal 4: The study on SBFD shall only consider support of SBFD operation within a carrier. 
SBFD time/frequency location
The time and frequency location of UL and DL subbands with SBFD operation has been extensively discussed during RAN WG1 #109e. The fact is that a gNB operating with SBFD still needs to signal a ‘legacy’ TDD UL-DL configuration (using e.g. tdd-UL-DL-ConfigurationCommon) to support legacy UEs. Related to the time location of UL and DL subbands with SBFD operation, the discussion has mainly been about whether the study on duplexing evolution should only cover UL subband in ‘legacy’ DL and flexible symbol(s), or also DL subband in ‘legacy’ UL symbol(s). From an inter-operator adjacent-channel perspective, gNB-to-gNB CLI is typically more critical than UE-to-UE CLI [1]. Therefore, a legacy TDD operator may be more affected if a neighbor operator is using SBFD during its UL symbols, as compared to DL symbols. Moreover, as one of the primary targets of introducing SBFD in unpaired spectrum is to increase UL capacity and UL coverage, enabling SBFD operation during ‘legacy’ DL (and flexible) symbols should have higher priority as compared to ‘legacy’ UL symbols. This aspect has also been discussed in RAN#96, where it was agreed that that DL subband in ‘legacy’ UL symbol(s) should have lower priority than UL subband in ‘legacy’ DL and flexible symbol(s).   
Proposal 5: The study on SBFD shall focus on enabling SBFD operation in DL and flexible legacy symbols.
In the discussion prior and during RAN WG1 #109e, some companies have raised the question whether legacy UEs are  able to properly operate (e.g., whether conformance tests exist) with undetermined UL/DL direction for more than just the guard symbols, even though this is supported by the specifications. Based on the assumption that essentially all legacy TDD deployments are based on static TDD where the UL/DL direction of each symbol is pre-determined and known in advance, the same companies have proposed to only consider UL subband in ‘legacy’ DL symbol(s) and leave SBFD operation in ‘legacy’ flexible symbols FFS. While we recognize that, to guarantee operation with legacy Rel-15 NR devices, network operators may be required to operate with a well-defined ‘legacy’ UL/DL direction for all symbols (except for guard symbols), we think that NR specifications should not preclude the possibility to operate with SBFD in ‘legacy’ flexible symbols (in the same way as they not preclude the possibility to indicate a symbol as flexible, even if this may not be supported by all UEs).   
Proposal 6: The study on SBFD should consider the possibility to configure UL subband in both ‘legacy’ DL and flexible symbol(s), with equal priority. 
Based on proposal 6, it should at least be possible for a network deploying SBFD feature to operate with SBFD for new UL resource except the UL-only symbols. Some companies have proposed that, when configured, the SBFD configuration should apply to at least all ‘legacy’ DL symbols. However, it is not clear what would be the reason to have a limitation on configuring UL subband in all ‘legacy’ DL symbols. Having DL-only symbols may e.g. facilitate operation with legacy devices in unpaired carriers when using SBFD feature.  
Proposal 7: The study on SBFD shall also consider SBFD operation with DL-only symbols, i.e., at least two DL/UL frequency domain partitioning in ‘legacy’ D symbols should be supported (one corresponding to DL-only symbols and one corresponding to SBFD symbols with UL subband). 
Related to frequency location (and granularity) of the UL subband in SBFD symbols, there were lots of discussions in RAN WG1 #109e, though it was only concluded, for the purpose of discussions, that a subband may consist of 1 RB or a set of consecutive RBs for the same transmission direction. No agreement was reached on the subband granularity and size, as well as on the number of subbands in one SBFD symbol. It was only concluded that any decision related to minimum or maximum number of subbands and guard band size and subband location within a TDD should be subject to RAN4 guidance. In RAN WG1 #109e, several companies have proposed to consider at least D-U, U-D and D-U-D type of configurations, corresponding to a maximum of 1 UL and 2 DL subbands in one SBFD symbol. The reason for considering the option where the UL subband is placed in the middle of the unpaired TDD carrier (i.e. D-U-D configuration) is that the DL subbands may act as additional guard bands towards e.g. adjacent legacy TDD carriers. However, the shape of typical gNB transmitter emissions is relatively flat across the adjacent channel, and only about 1 dB to 5 dB improvement can be reasonably expected, if any. On the other hand, placing the UL subband in the middle of the unpaired TDD carrier could have several drawbacks. First, a higher number of PRBs may be needed as guard band to limit intra-cell CLI (including self-interference at the gNB); essentially, two guard bands between DL and UL subbands need to be deployed. Second, making better use of both DL subbands may require enhancements for certain signals/channels to support non-contiguous frequency domain resource allocation in case a UE is configured with a DL BWP that spans the whole TDD carrier (while the available DL spectrum within the TDD carrier is split into two non-continuous DL subbands). See e.g. [5]. 
Proposal 8: The study on SBFD should consider support of at least U-D and D-U type of subband configuration. Support of D-U-D type of subband configuration is FFS (pending pros and cons analysis also based on feedback from RAN4).  
During RAN WG1 #109e it was also discussed whether the subband location is semi-static or could be dynamic at gNB side. We think that dynamically changing the size/location of the UL subband in SBFD symbols may create implementation challenges at the gNB side. The level of implementation complexity at the gNB may depend on whether subband filters (digitals and/or RF) are needed to meet the specified requirements for gNB self-interference and inter-subband gNB-2-gNB CLI mitigation. E.g. whether or not RF and/or digital cancellation is needed to achieve the required Tx-Rx self-interference attenuation at the gNB may have an impact on the feasibility of dynamic UL subband location. Therefore, we think that RAN4 input is needed before RAN1 can decide on the feasibility of dynamic adaptation of the UL subband frequency location in SBFD symbols. Also, system level simulation results may need to be provided showing the benefits of the feature before RAN1 can make any progress. Therefore, we propose the following:      
Proposal 9: Semi-static UL subband location in SBFD symbols is the baseline for the Rel-18 study item. RAN1 may further study the benefits and feasibility of dynamic UL subband location also based on feedback from RAN4 on the implications on gNB implementation complexity.   
In RAN WG1 #109e, it was also extensively debated about the need to explicitly indicate to the non-legacy UEs whether a symbol is an SBFD symbol, and what is the UL/DL frequency domain resources partitioning within SBFD slots. The terms transparent mode and non-transparent mode have also been used to identify these two possible options. In order to clarify our stand on this issue, we first start to discuss SBFD operation with legacy devices, and then extend the discussion to non-legacy (i.e. SBFD-aware) devices. 
SBFD with legacy UEs
For legacy UEs, transparent mode is obviously the only possible option as legacy UEs do not understand SBFD subband definition. Legacy UEs can only understand a symbol as being DL, UL or flexible. As by proposals 6-8, we assume that a gNB should be able to operate with SBFD in symbols that may be configured as either DL or flexible for a legacy UE. Next, we define as ‘legacy’ DL, UL and flexible symbols, symbols that are configured to legacy UEs (using e.g tdd-UL-DL-ConfigurationCommon and/or tdd-UL-DL-ConfigurationDedicated) as DL, UL and flexible, respectively. With these definitions in place, a SBFD symbol can be either a ‘legacy’ DL or a ‘legacy’ flexible symbol. While clearly a legacy UE can never transmit in UL subband of SBFD symbols thar are ‘legacy’ DL symbols for the UE, the questions to be answered are:
1) Can a legacy UE transmit in UL subband of SBFD symbols that are ‘legacy’ flexible symbols for the UE? 
2) Can a legacy UE receive in DL subband of SBFD symbols that are ‘legacy’ DL symbols for the UE?
3) Can a legacy UE receive in DL subband of SBFD symbols that are ‘legacy’ flexible symbols for the UE?
We think that current specifications can support all 3 options above. Of course, this is subject to legacy devices being able to operate effectively with undetermined UL/DL direction in symbols other than guard bands. If that is not the case, then the gNB may need to operate only with ‘legacy’ DL and UL symbols (other than guard symbols), in which case, only option 2 would be applicable. 
Observation 4: current specifications can support: 
(1) legacy UE transmitting in UL subband of SBFD symbol that is ‘legacy’ flexible symbol for the UE 
(2) legacy UE receiving in DL subband of SBFD symbol that is ‘legacy’ DL symbol for the UE 
(3) legacy UE receiving in DL subband of SBFD symbol that is ‘legacy’ flexible symbol for the UE 
Obviously, to support DL transmission to and/or UL reception from legacy UEs in SBFD symbols, it may require the network to carefully configure the allocation of semi-static DL and UL resources (e.g. CORESTE for PDCCH monitoring, CG-PUSCH resources, etc.) to make sure that semi-static UL resources allocated to legacy UEs do not overlap with the DL subband in SBFD symbols (and vice versa). 
Observation 5: DL transmission to and/or UL reception from legacy UEs in SBFD symbols may require the network to carefully configure the allocation of semi-static DL and UL resources to avoid overlaps with UL and DL subband, respectively, in SBFD symbols.  
SBFD with non-legacy UEs
If transparent mode is also assumed for non-legacy UEs, this means that also non-legacy UEs would not be aware of SBFD operation at the gNB. This essentially means that support for SBFD operation would need to be introduced with no impacts on RAN1 and RAN2 specifications. However, we think that explicit indication of the UL/DL resource partitioning to non-legacy UEs could bring several advantages: 
· Better collision handling between DL and UL - One potential advantage is dynamic adaptation of semi-static allocated resources (such as CORESET configuration for PDCCH monitoring, CG-PUSCH resources, CSI-RS resources, etc.) based on the occurrence of SBFD symbols and the corresponding DL-UL frequency domain partitioning. The UE being aware of the UL/DL resource partitioning can facilitate more efficient collision handling between DL and UL semi-static signals. For example, as compared to the case where a symbol can only be indicated as DL, UL or flexible, the UE may be able to determine with higher accuracy whether semi-statically allocated UL and/or DL resources overlap, at least partially, with the DL and/or UL subband, respectively, in a SBFD symbol, and take actions accordingly. It may even be possible to enable dynamic adaptation of semi-static allocated resources based on the occurrence of SBFD symbols and the corresponding DL-UL frequency domain partitioning. For example, the UE could be configured with different sets of semi-statically allocated UL and/or DL resources; the UE could then determine the set of resources to be used based how those resources “match” with the available frequency resources for the corresponding link direction in each symbol. E.g., for an UL/DL semi-statically allocated transmission/reception, the UE will use the set of resources that does not overlap with the DL/UL subband in a SBFD symbol. 
Observation 6: non-legacy UE being aware of the UL/DL SBFD resource partitioning can facilitate gNB implementation and improve the resource allocation efficiency for semi-statically allocated resources such as CORESET configuration for PDCCH monitoring, GC-PUSCH resources, CSI-RS resources, etc.  
· Enable initial access in SBFD slots – Another advantage of the non-transparent mode is that it can enable IDLE mode UEs to perform initial access procedure in SBFD symbols. In principle, with transparent mode, either UL transmission (e.g. Msg1/MsgA/Msg3) or DL reception (e.g. Msg2/MsgB/Msg4) in a SBFD symbol could still be possible if the corresponding symbol is indicated as ‘legacy’ UL or DL symbol. However, with transparent mode, it is not possible to have both initial access UL transmissions and initial access DL receptions (of course by different UEs) in the same SBFD symbols, meaning that certain SBFD symbols are only available for either initial access UL transmissions or initial access DL receptions. Therefore, non-transparent mode can help reducing the latency of the overall initial access procedure, as well as reducing the collision probability on random access resources by effectively increasing the number of available random access resources. This requires the UL-DL SBFD resource partitioning to be indicated to the non-legacy UEs when they are in IDLE mode. 
Observation 7: non-legacy UE being aware of the UL-DL SBFD resource partitioning in IDLE mode can enable initial access procedure on SBFD symbols, thus reducing both the latency associated with the initial access procedure and the collision probability on random access resources (by effectively increasing the number of available random access resources). 
· Adaptation of digital filter’s bandwidth to UL/DL subband – Last but not least, knowledge of the UL/DL frequency partitioning may bring some benefits in terms of UL transmission and DL reception filtering in the UE, e.g. UEs aware of the UL/DL frequency partitioning in SBFD symbols may be able to adjust their digital filter’s bandwidth to match the UL and/or DL subband to achieve better mitigation/suppression of the inter-subband UE-2-UE CLI (i.e. the interference being generated on/from adjacent PRBs). This could be based on UE capability, and it may depend on several factors such as:
· whether the UE has the capability to apply different digital filter’s bandwidths (and possibly different digital filter’s center frequencies) for DL and UL
· whether different digital filter’s bandwidth should be assumed for DL-only/UL-only symbols/slots and SBFD symbols/slots
· whether dynamic UL subband location should be supported
· whether it can be assumed that the UE bandwidth part (BWP) always matches the UL/DL subband (gNB) in SBFD symbols
· how fast the UE can adapt its digital filter bandwidth (note that, based on current specifications, the BWP switch delay in FR1 is between 0.75 ms and 3 ms, depending on the SCS and the UE capability, and that a UE can neither Rx nor Tx for at least one slot within the BWP switch delay)
Anyway, under specific assumptions, the UE may be able to adjust its digital filter’s bandwidth to achieve better mitigation/suppression of inter-subband UE-2-UE CL. It is FFS whether this may require BWP feature enhancements, e.g. allowing UL and DL BWP for a UE to be configured with different center frequencies.    
Observation 8: non-legacy UE being aware of the UL-DL SBFD resource partitioning may enable SBFD-aware UEs (under specific conditions and assumptions) to adapt their digital filter’s bandwidth to the UL/DL subband in SBFD symbols, thus achieving a better mitigation/suppression of the inter-subband UE-2-UE CLI. 
Based on observations 3-5, we propose:
Proposal 10: Support signalling/indication of UL-DL SBFD resource partitioning to both IDLE and RRC connected UEs that support/are aware of SBFD operation. 
Proposal 11: RAN1 may additionally study whether BWP feature enhancements are needed to facilitate adaptation of digital filter’s bandwidth to UL/DL subband to achieve better mitigation/suppression of inter-subband UE-2-UE CLI. 
Assuming the discussed advantages and proposal 10 can be agreed, RAN1 should also discuss the required enhancements to the current frame structure signaling, including, but not limited to, enhancements and/or extensions to the signaling framework based on tdd-UL-DL-ConfigurationCommon, tdd-UL-DL-ConfigurationDedicated, and SFI signaled with DCI format 2_0. The following aspects should be discussed:
· For SBFD symbols (i.e. symbols with both UL Rx and DL Tx at the gNB), should the gNB be able to signal/indicate one or multiple UL-DL frequency domain partitions? This is related to the discussion on semi-static/dynamic UL subband location (see proposal 9).
· Is the resource partitioning in frequency and time (i.e. the occurrence of SBFD symbols) domain signaled jointly or separately to the UEs? E.g., enhanced TDD UL-DL Configuration or enhanced SFI could be used to indicate both time and frequency location of the SBFD UL subband. Alternatively, enhanced TDD UL-DL Configuration or enhanced SFI could only signal the time location of the SBFD UL subband, while the frequency location could be separately signaled. Or a combination of these two options could be considered. For example, in case dynamic UL subband location is supported, enhanced TDD UL-DL Configuration or enhanced SFI could signal the time location and one of multiple possible frequency locations of the SBFD UL subband, while the multiple possible frequency locations of the SBFD UL subband are separately configured.
Proposal 12: Study the required enhancements to the TDD frame format signaling framework (UL-DL TDD configuration, SFI, etc.) to enable SBFD operation.  
Related to signaling of UL-DL SBFD resource partitioning in non-transparent mode, a few high-level schemes were discussed during RAN1#109. More details can be found in [2].
Scheme #1: RB-set based SBFD – A subband includes a set of consecutive RBs within a BWP and there may be both UL and DL resources in the same symbol within a BWP. 
Scheme #2: SUL based SBFD – A UL subband is configured by means of SUL configuration.
Scheme #3: BWP based SBFD – BWP based SBFD operation where each subband is defined as one BWP with own TDD configuration. 
Scheme #4: CA based SBFD – Frequency resources within a ‘TDD band’ are configured as different CCs to the UE
We are not clear about scheme #2 and how this differs from scheme #1. Scheme #3 is also unclear, especially what is the relation between a ‘subband’ (which is cell specific) and a BWP (which is UE specific). If the proposal is that a ‘subband’ is indicated to a UE by configuring the UE with a BWP that matches the corresponding ‘subband’, we think this may require significant changes to the BWP framework including enhancements in terms of support for multiple active BWPs, BWP switching delay requirements, and/or interruption due to active BWP switching requirements. Finally, scheme #4 is very straightforward in terms of how the UL-DL SBFD resource partitioning could be signaled to the UE, but (1) it is not aligned with the agreement to study SBFD operation within a TDD carrier, and (2) it is not attractive in terms of both resource efficiency and UE complexity, as each subband needs to be configured as a CC with corresponding SSB, control channel configurations, etc. For these reasons, we tend to prefer a solution based on scheme #1. 
Proposal 13: RB-set based SBFD is used as baseline for SBFD in the SI.  
CLI enhancements
UE-2-UE CLI 
Schemes for UE-to-UE CLI mitigation have been specified during Rel-16 WI on Cross link Interference (CLI) handling and Remote Interference Management (RIM) for NR. Enhancements to the Rel-16 UE-to-UE CLI framework are being discussed under A.I. 9.3.3 with focus on dynamic TDD, i.e. A.I. 9.3.3 is already discussing enhancements for improved handling of inter-cell UE-to-UE CLI. Though those enhancements may also be applicable to SBFD, we propose to focus in here on enhancements for improved handling of intra-cell inter-subband UE-to-UE CLI. 
Advanced UE RF requirements
One obvious way to mitigate intra-cell inter-subband UE-to-UE CLI is to tighten the UE in-band emission requirements. Note that typically the UE TX is optimized for efficiency, so Power Amplifier (PA) nonlinearity is a dominant source of spectral regrowth. It may be feasible to reduce emissions bringing the PA into more linear operation at the expense of higher power consumption. The UE capability to adapt its UL/DL digital filter’s bandwidth to match the UL/DL subband in SBFD symbols may also help reducing emissions. As previously discussed, the latter may depend on several factors including, e.g., whether dynamic UL subband location is supported. In any case, the feasibility of defining stricter (in-band) emission requirements for SBFD operation is not for RAN1 to discuss.
Proposal 14: Send LS to RAN4 asking if and how much the UE emission requirements can be tightened for SBFD-aware UEs, what is the impact on the PA efficiency, and whether, for a given PA efficiency, the UE being able to match its UL/DL digital filter’s bandwidth to the UL/DL subband in SBFD symbols can help reducing the UE emissions.
L1/L2 based CLI 
With SBFD, UE-to-UE CLI is intra-cell. It is therefore beneficial for the gNB to know the exact time when the UE is performing a CLI measurement, as the gNB could then be able to identify a potential ‘aggressor’ UE from the timing of the measurement. Note that with existing L3 based CLI-RSSI and CLI-SRS the baseline is that the gNB does not know the exact time (i.e. slot and symbol) when a reported CLI measurement is performed. In this sense, L1/L2 based CLI measurement & reporting is (1) better designed for improved short-term tracking of cross link interference conditions, (2) it can provide benefits in terms of improved radio resource utilization, and (3) it may also help relaxing the measurement requirements at the UE, as the gNB does not need to configure UE-specific reference signals for the purpose of CLI measurements but can identify the source of CLI based on the time of the measurement. Therefore, with L1/L2 based CLI reporting, potential enhancements to the RS configuration for the purpose of CLI measurement/reporting should also be studied. 
Proposal 15: Study L1/L2 based CLI, including potential enhancements to the RS configuration for the purpose of L1/L2 based CLI measurement/reporting.
Timing alignment aspects
Even assuming the gNB has the exact knowledge of when (i.e. slot and symbols) a victim UE has performed a CLI measurement, the victim UE may still experience a time shifted interference in the measurement window, which can severely impact the reliability of the CLI measurement. Timing alignment for the CLI measurement RS and its impact on the accuracy of CLI-SRS measurements have been heavily discussed in Rel-16, and is currently also under discussion in A.I. 9.3.3 (see e.g. our companion contribution in [6]). One possibility for increasing the accuracy of RS-based CLI measurements is for the victim UE to be able to detect (and report) e.g. the time difference of arrival between DL (transmitted by the serving gNB) and UL (transmitted by the aggressor UE) RS. If the time shift is large. this may require that the victim UE can search for the aggressor UL RS. These techniques may be particularly helpful in case of SBFD, as the gNB can estimate the UE-to-UE propagation delay based on (1) the time advance of the victim UE, (2) the time advance of the aggressor UE, and (3) the time difference of arrival between DL and UL RS. Information on the UE-to-UE propagation delay can be used at the gNB, for example, to inform a potential victim UE on the specific timing offset to be used when to performing a CLI measurement. 
Observation 9: by knowing the time difference of arrival between DL (transmitted by the serving gNB) and UL RS (transmitted by the aggressor UE) at the victim UE, the gNB can estimate the intra-cell (aggressor)UE-to-(victim)UE propagation delay. This information can be used to assist the UE by e.g. providing the specific timing offset to be used when performing a CLI measurement.
Proposal 16: Study schemes for measurement and reporting of time difference of arrival between DL RS and UL RS, and potential extensions to the CLI measurement framework to include assistance information consisting of e.g. specific timing offset (with respect to DL timing) to be used when performing a CLI measurement.
Schemes for accurate measurement of CLI leakage
In in RAN WG1 #109e, a few companies proposed to enhance the Rel-16 CLI measurement & reporting framework with the introduction of subband CLI. While we agree that with SBFD it makes sense to measure and report the CLI-RSSI on a specific subband, we also think that the UE measuring and reporting its own leakage on a specific subband could be extremely useful in the context of SBFD (as well as dynamic TDD). The point is, out-of-band emissions pose a limitation to the practical deployment of both dynamic TDD and SBFD, as they are the primary cause of inter-operator UE-to-UE CLI. With SBFD, co-channel inter-subband UE-to-UE CLI may also be caused by in-band emissions due to an aggressor UE transmitting an UL signal and a victim UE receiving a DL signal on non-overlapping frequency resources on the same TDD carrier. As in-band emission requirements can be several dBs more relaxed than the corresponding ACLR requirements, co-channel inter-subband UE-to-UE CLI may introduce even more constraints for SBFD operation as compared to inter-operator adjacent-channel UE-to-UE CLI with dynamic TDD. In TS 38.101, maximum power reduction (MPR) requirements are specified based on worst-case limiting factor of the EVM, ACLR, IBE, out-of-band and spurious emission requirements, etc. In fact, depending on several factors such as the channel bandwidth, the RB allocation, the UE transmission power, etc., the UE may typically be able to operate (far) below at least some of the emissions requirements specified in TS 38.101. However, gNB is generally not aware of this. Th gNB scheduler must always assume worst-case assumptions when estimating the interference that an aggressor UE may generate on adjacent PRBs. Therefore, it would be beneficial if the UE could measure and report to the gNB its own in-band emissions. In principle the same measurement and reporting framework could be extended to out-of-band emissions. This functionality could be included within the subband CLI measurement framework by requesting UE to be able to measure the RSSI on a subband while transmitting on another subband. According to our understanding, this functionality is already supported by most of the UE chipsets as measurements on the feedback loop from the PA output are used to correct non-linear impairments of the transmit chain, so that e.g. the PA can operate more efficiently.   
Proposal 17: Study subband CLI measurements and reports, including subband CLI-RSSI measurements performed on a subband while the UE is transmitting on a different subband.  
gNB-2-gNB CLI 
In general, we think inter-gNB CLI handling schemes may be common to both dynamic TDD and SBFD and should be studied under A.I. 9.3.3. However, there could be solutions that are specific to SBFD, i.e., enhancements to exchange of intended TDD configuration to include subband configuration. However, this should first be first discussed once RAN1 has discussed and agreed details about the SBFD time and frequency location. 
Proposal 18: Study possible enhancements to the exchange of intended TDD configuration over Xn to include SBFD subband configuration.   
Self-interference 
As discussed in our companion contribution on dynamic TDD enhancements [6], boosting the UE Tx power and/or reducing the gNB power in slots/symbols affected by gNB-to-gNB CLI from overlapping frequency resources can be a simple yet effective way to handle cross-link interference. Similar solutions may also be applicable with SBFD operation e.g. to compensate for the decrease in UL SINR due to gNB self-interference in SBFD symbols/slots. Therefore, we propose the following: 
Proposal 19: The potential benefits of boosting the UE Tx power and/or reducing the gNB power in SBFD slots/symbols shall be further investigated as a potential method to boost the UL received SINR in slots/symbols affected by gNB self-interference.
Conclusion
In this contribution, we discussed subband non-overlapping full duplex (SBFD) for NR, and included considerations on feasibility and system design of SBFD. Based on the discussions, we have the following observations and proposals: 
Observation 1: For full buffer FR1 UMa simulations, SBFD is shown to provide a >2x improvement in the UL coverage/5%-ile UE UL throughput performance as compared to static TDD, if assuming a ratio of self-interference (RSI) of at least 148 dB or more (45 dB ACLR + 80 dB Tx-Rx isolation + scaling factor).
Observation 2: For full buffer FR1 UMa simulations and assuming similar size of the BS antenna array for TDD and SBFD, UL spectral efficiency of SBFD is worse than with static TDD (60%-16% worse depending on the RSI). 
Observation 3: For full buffer FR1 UMa simulations and assuming similar size of the BS antenna array for TDD and SBFD, DL performance of SBFD is worse than with static TDD (approximately 5% worse on average independently of the RSI).
Observation 4: current specifications can support: 
(1) legacy UE transmitting in UL subband of SBFD symbol that is ‘legacy’ flexible symbol for the UE 
(2) legacy UE receiving in DL subband of SBFD symbol that is ‘legacy’ DL symbol for the UE 
(3) legacy UE receiving in DL subband of SBFD symbol that is ‘legacy’ flexible symbol for the UE 
Observation 5: DL transmission to and/or UL reception from legacy UEs in SBFD symbols may require the network to carefully configure the allocation of semi-static DL and UL resources to avoid overlaps with UL and DL subband, respectively, in SBFD symbols.  
Observation 6: non-legacy UE being aware of the UL/DL SBFD resource partitioning can facilitate gNB implementation and improve the resource allocation efficiency for semi-statically allocated resources such as CORESET configuration for PDCCH monitoring, GC-PUSCH resources, CSI-RS resources, etc.  
Observation 7: non-legacy UE being aware of the UL-DL SBFD resource partitioning in IDLE mode can enable initial access procedure on SBFD symbols, thus reducing both the latency associated with the initial access procedure and the collision probability on random access resources (by effectively increasing the number of available random access resources). 
Observation 8: non-legacy UE being aware of the UL-DL SBFD resource partitioning may enable SBFD-aware UEs (under specific conditions and assumptions) to adapt their digital filter’s bandwidth to the UL/DL subband in SBFD symbols, thus achieving a better mitigation/suppression of the inter-subband UE-2-UE CLI. 
Observation 9: by knowing the time difference of arrival between DL (transmitted by the serving gNB) and UL RS (transmitted by the aggressor UE) at the victim UE, the gNB can estimate the intra-cell (aggressor)UE-to-(victim)UE propagation delay. This information can be used to assist the UE by e.g. providing the specific timing offset to be used when performing a CLI measurement.

Proposal 1: RAN1 concludes, based on Rel-16 coexistence studies, that feasible deployment scenarios for SBFD are deployments in FR2 and deployments with low power and/or indoor gNBs in FR1. Alternatively, RAN4 may need to conduct new coexistence studies for SBFD (Deployment Case 4) and dynamic TDD (new Deployment Case) including macro deployments (e.g. Dense Urban scenario).
Proposal 2: The study on SBFD in A.I. 9.3.2 focuses on evaluating the performance impact of co-channel inter-subband CLI, including the impact on legacy operation, and potential enhancements to combat this interference type.
Proposal 3: Sufficiently large gain under realistic assumptions should be observed from SBFD as compared to fixed and dynamic TDD to justify the complexity of introducing support for SBFD in the NR specifications.
Proposal 4: The study on SBFD shall only consider support of SBFD operation within a carrier. 
Proposal 5: The study on SBFD shall focus on enabling SBFD operation in DL and flexible legacy symbols.
Proposal 6: The study on SBFD should consider the possibility to configure UL subband in both ‘legacy’ DL and flexible symbol(s), with equal priority. 
Proposal 7: The study on SBFD shall also consider SBFD operation with DL-only symbols, i.e., at least two DL/UL frequency domain partitioning in ‘legacy’ D symbols should be supported (one corresponding to DL-only symbols and one corresponding to SBFD symbols with UL subband). 
Proposal 8: The study on SBFD should consider support of at least U-D and D-U type of subband configuration. Support of D-U-D type of subband configuration is FFS (pending pros and cons analysis also based on feedback from RAN4).  
Proposal 9: Semi-static UL subband location in SBFD symbols is the baseline for the Rel-18 study item. RAN1 may further study the benefits and feasibility of dynamic UL subband location also based on feedback from RAN4 on the implications on gNB implementation complexity.   
Proposal 10: Support signalling/indication of UL-DL SBFD resource partitioning to both IDLE and RRC connected UEs that support/are aware of SBFD operation. 
Proposal 11: RAN1 may additionally study whether BWP feature enhancements are needed to facilitate adaptation of digital filter’s bandwidth to UL/DL subband to achieve better mitigation/suppression of inter-subband UE-2-UE CLI. 
Proposal 12: Study the required enhancements to the TDD frame format signaling framework (UL-DL TDD configuration, SFI, etc.) to enable SBFD operation.  
Proposal 13: RB-set based SBFD is used as baseline for SBFD in the SI.  
Proposal 14: Send LS to RAN4 asking if and how much the UE emission requirements can be tightened for SBFD-aware UEs, what is the impact on the PA efficiency, and whether, for a given PA efficiency, the UE being able to match its UL/DL digital filter’s bandwidth to the UL/DL subband in SBFD symbols can help reducing the UE emissions.
Proposal 15: Study L1/L2 based CLI, including potential enhancements to the RS configuration for the purpose of L1/L2 based CLI measurement/reporting.
Proposal 16: Study schemes for measurement and reporting of time difference of arrival between DL RS and UL RS, and potential extensions to the CLI measurement framework to include assistance information consisting of e.g. specific timing offset (with respect to DL timing) to be used when performing a CLI measurement.
Proposal 17: Study subband CLI measurements and reports, including subband CLI-RSSI measurements performed on a subband while the UE is transmitting on a different subband.  
Proposal 18: Study possible enhancements to the exchange of intended TDD configuration over Xn to include SBFD subband configuration.   
Proposal 19: The potential benefits of boosting the UE Tx power and/or reducing the gNB power in SBFD slots/symbols shall be further investigated as a potential method to boost the UL received SINR in slots/symbols affected by gNB self-interference.
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[bookmark: _Ref111111068]Annex A: Detailed simulation assumptions for SBFD
[bookmark: _Ref111043115]Table 2: Simulation assumptions
	1. Parameters
	1. Value

	Scenario
	Urban Macro (TR 38.901) with 7x3=21 cells and 500 meter ISD.
SBFD Deployment Case 1 with single operator and all gNBs using the same UL-DL SBFD sub-band partitioning

	SCS
	30 kHz

	Carrier bandwidth
	100 MHz, 250 RBs

	gNB total transmit power
	52 dBm

	UE Tx power
	23 dBm

	UE position
	3D-UMa assumptions from TR 38.901/TR36.873: (80% indoor UE ratio located in buildings and uniformly distributed across floors)

	Traffic model
	Full buffer in DL and UL

	Channel modelling
	gNB-UE: TR 38.901 UMa

gNB-gNB: TR 38.901 UMa with replacement of the UE’s antenna height with gNB’s antenna height and updated angular spread

UE-UE: TR 38.901 UMi for outdoor-indoor and outdoor-outdoor UE-UE links; TR 38.901 InH for indoor-indoor UE links

	BS antenna configurations
	TDD: 16 Tx/16 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (8, 8, 2, 1, 1; 2, 4);

SBFD: 8 Tx/8 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (4, 8, 2, 1, 1; 1, 4);

dH = 0.5λ, dV = 0.8λ;
No mechanical tilt 


	UE antenna configuration
	4 Tx/4 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2)
dH=0.5

	UE & BS receiver
	MMSE-IRC 

	Number of UEs per cell
	10 

	SCS 
	30 kHz 

	UE speed
	3 km/h for modeling fading channel 

	UE power control
	Open-loop power control with alpha = 0.9 and p0=-100

	DL/UL Transmission mode
	Single user MIMO with rank 1.

	Frame structure
	TDD: DDDSU with S=[12D:2G:0U]
SBFD: XXXXX with X denoting a SBFD slot with DGUGU = [96, 4, 50, 4, 96] PRB assignment. “D”, “U” and “G” refers to downlink subband, uplink subband and guard bands, respectively.

	SBFD interference modeling
	ACIR = 44 dB; SIC = [70, 80, 100] dB
 [138, 148, 168] dB (see modeling of self-interference in Section 4)
 [138, 148, 168] dB (see modeling of intra-site inter-sector interference in Section 5)
= 68 dB
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