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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction 
[bookmark: OLE_LINK12]During RAN#94e meeting, the study item of Study on evolution of NR duplex operation has been approved [1]. During RAN1#109-e meeting, the following agreements and conclusions were achieved for SBFD operation.
[bookmark: _Hlk111106444]---------------------------------------------------------------------------------------------------------------------------------------
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, SBFD operation, as well as resource partition and indication, is discussed firstly, followed by discussions on potential enhancements for SBFD. In addition, CLI handling is also discussed briefly in the last part.
2. SBFD operation and resources
2.1. SBFD operation
During RAN1#109-e meeting, whether SBFD, including the time- and/or frequency-domain location of UL/DL subband(s), is transparent to UEs or not was discussed. Since this issue can be viewed as premise for the remaining topics such as SBFD resource indication, collision handling etc., it should be discussed with high priority in RAN1#110 meeting.
For legacy UEs, SBFD should be transparent by using and following existing RAN1 specification. For example, a legacy UE shall not transmit PUSCH/PUCCH/PRACH/SRS in DL symbol(s) configured by tdd-UL-DL-ConfigurationCommon and/or tdd-UL-DL-Configuration Dedicated (called semi-static DL symbol for short), as well as in SSB symbols. Similarly, a legacy UE shall not receive PDCCH/PDSCH/CSI-RS in UL symbol(s) configured by tdd-UL-DL-ConfigurationCommon and/or tdd-UL-DL-Configuration Dedicated (called semi-static UL symbol for short). Besides, a legacy UE does not expect to be configured by dedicated higher layer parameters to perform UL transmission and DL reception in a same set of flexible symbols configured by tdd-UL-DL-ConfigurationCommon and/or tdd-UL-DL-Configuration Dedicated (called semi-static flexible symbol for short).
[bookmark: _Ref111190537][bookmark: _Hlk111018043]Proposal 1: For legacy UEs, SBFD operation and resources should be transparent by using and following existing RAN1 specification.
For Rel-18 UEs, some companies proposed that considering a gNB operating SBFD needs to take care of legacy UEs and SBFD operation/resource are transparent to the legacy UEs, the transparent SBFD operation/resources can be applied to Rel-18 UEs as well by using and following the existing RAN1 specification. If still following the existing RAN1 specification to support SBFD operations for all UEs, then it implies that SBFD resources can only exist in semi-static flexible symbols. It requires the network to configure a large number of semi-static flexible symbols for better SBFD utilization. It may be workable from the specification perspective for all UEs especially legacy UEs to operate with a large number of semi-static flexible symbols. However, in real commercial deployments, semi-static flexible symbol(s) is/are only used for DL-to-UL switching time, and the legacy UEs may not be fully tested in the case when a large number of semi-static flexible symbols are configured. Therefore, it may result in interoperability issue as raised by some companies during RAN1#109-e meeting.
[bookmark: _Ref111190681]Observation 1: Transparent SBFD operation for all UEs including legacy UEs and Rel-18 UEs requires the network to configure a large number of semi-static flexible symbols to accommodate SBFD resources.
[bookmark: _Ref111190683][bookmark: _Hlk111019850]Observation 2: The legacy UEs may not be fully tested with a large number of semi-static flexible symbols in real commercial deployments, resulting in potential interoperability issue. 
In summary, in our opinion, transparent mode may be workable for all UEs, i.e., partition of UL/DL subband(s) is handled only at gNB side, UL/DL subband(s) only exist in semi-static flexible symbols, and all UEs are served in the same way with SBFD realized by gNB implementation. In this regard, it is simpler at least from point view of specification. However, with transparent mode, all legacy rules should be followed. If there is the issue regarding operation with semi-static flexible symbols, SBFD operation will become paper work.
In contrast, with non-transparent mode, at least the following benefits can be achieved:
· There is no potential interoperability issue for legacy UEs and more flexibility is provided at gNB side. For example, a gNB can schedule/configure a Rel-18 UE to transmit PUSCH/PUCCH/PRACH/SRS in semi-static DL symbols, or receive PDCCH/PDSCH/CSI-RS in semi-static UL symbol. 
· A Rel-18 UE can save more power by less monitoring, measurement or buffering if the UE knows beforehand the time-domain and frequency-domain location of UL/DL subband(s). 
· It is easier for a gNB to configure, as well as a UE to apply, different transmission/reception parameters for a slot with SBFD resource and another slot without SBFD resource to better match conditions of different slots for better performance. 
[bookmark: _Ref111190539]Proposal 2: For Rel-18 UEs, determine whether SBFD is transparent or not firstly before starting discussion on SBFD notification signaling, as well as potential enhancements.

For Rel-18 UEs, if non-transparent mode would be adopted, at least four SBFD schemes were proposed during RAN1#109-e meeting, listed as below for reference.
· Scheme#1: RB-set based SBFD
In this scheme, a subband includes a set of consecutive RBs within a BWP as shown in the left dashed box in Figure 1 and there may be both UL and DL resources in a same symbol within a BWP. The frequency location of the subband is indicated to the UE. The time location of the subband can be predefined (e.g. in all/some DL symbols) or indicated to the UE.


[bookmark: _Ref110867364]Figure 1: Illustration for SBFD Scheme #1 and Scheme #2
· Scheme#2: SUL based SBFD
In this scheme, a single UL subband is configured by means of SUL configuration as shown in the right dashed box in Figure 1.
· Scheme#3: BWP based SBFD
In this scheme, each subband is defined as one BWP. In this case, there would be no UL and DL resources in the same symbol within a BWP. Different TDD patterns can be provided for different BWPs, which is not supported in current specification. In addition, enhancements to reduce BWP switching delay were proposed by several companies.
· Scheme#4: CA based SBFD
In this scheme, frequency resources within a carrier are configured as different CCs to the UE. For example, each subband may be configured as a respective CC. Besides, directional collision handling mechanism defined in Rel-16 half duplex CA can be re-used as a starting point to support CA-based SBFD operation.
Regarding the above four SBFD schemes, some pros and cons for each scheme are summarized in Table 1.
[bookmark: _Ref110868488]Table 1 Comparison among SBFD schemes
	Schemes
	Scheme#1: RB-set based
	Scheme#2: SUL based
	Scheme#3: BWP based
	Scheme#4: CA based

	Pros
	- Less complexity by configuring a carrier as a serving cell.
- Straightforward on top of legacy operation.

	- Re-use legacy mechanism for SUL as much as possible.
	- No/less impacts on resource allocation, collision handling, etc.
	- Re-use legacy mechanism for intra-band CA (e.g. Rel-16 half duplex CA) as much as possible.

	Cons
	- Signalling design for subband indication.
- Impacts on resource allocation, collision handling, etc.
	- More complexity as SUL is prerequisite for SBFD.
- Not applicable when more than one UL subband is configured.
- Not forward compatible (e.g. not applicable for a DL subband in UL slot).
	- More complexity, e.g. enhancements to reduce BWP switching delay, non-aligned center frequency for DL/UL BWP.
	- More complexity as intra-band TDD CA is prerequisite for SBFD.
- Spectral efficiency when using CA instead of single carrier for SBFD operation is reduced. 


Based on the pros and cons in Table 1, Scheme#1 is preferred. Besides, Scheme#3 can also be considered.
[bookmark: _Ref111190541]Proposal 3: For Rel-18 UEs, if non-transparent mode would be adopted, RB-set based scheme and BWP based scheme can be considered as SBFD scheme(s).
2.2. Resource partition
For SBFD operation, partition of UL/DL subband(s) is closely dependent on deployment scenarios. Therefore, deployment scenarios can be identified firstly, followed by study on potential resource partition for each deployment scenario.
A simplest deployment scenario is the isolated cell scenario. In this deployment scenario, only intra-cell interference, i.e., self-interference at gNB side, should be managed. One subband partition example is illustrated in Figure 2.

 
[bookmark: _Ref102052179]Figure 2: Subband partition 1
In Figure 2, each slot can have both a DL subband and a UL subband in frequency domain, with the ratio of DL and UL frequency resources determined based on DL and UL traffic load. When there is only DL or UL traffic load, each slot may have only a DL or UL subband accordingly. In a slot, the DL subband, if any, is located at one side of the carrier, while the UL subband, if any, is located at the other side of the carrier to reduce overhead for self-interference isolation in terms of guard bands.
Another deployment scenario can be that multiple cells with SBFD operation are deployed in the network, and there is no adjacent channel co-existence issue, e.g. the operator owns the whole band. In this deployment scenario, the subband partition illustrated in Figure 2 can also be considered. To avoid or alleviate interference(s) among cells, subband partitions of adjacent cells can be coordinated so that the subband division, and the transmission direction of one or more subbands etc., can be aligned.
[bookmark: _Ref102056713]Proposal 4: A subband partition with DL subband(s) located at one side of the carrier and UL subband(s) located at the other side, can be considered for deployment scenarios with no or limited adjacent channel coexistence issue.
When there is coexistence requirement from the adjacent channel(s), i.e. a typical deployment scenario where multiple cells with SBFD operation are deployed in the network, and on the adjacent channel(s) one or more legacy networks with a typical TDD pattern, e.g. DDDSU, are deployed, a subband partition illustrated in Figure 3 can be considered.

 
[bookmark: _Ref102052439]Figure 3: Subband partition 2
In Figure 3, to meet the coexistence requirement for the adjacent channel(s), in a DL slot, the UL subband(s) can be located at the middle part of the carrier. Similarly, in a UL slot, the DL subband(s) can be located at the middle part of the carrier. The motivation for SBFD is mainly for UL performance in terms of coverage, latency etc., so that only UL subband(s) is required to be located in a DL slot to obtain more UL resources and no need to locate DL subband(s) in a UL slot as suggested by many companies. However, it may result in DL performance loss in terms of latency and throughput depending on the scenarios and traffic patterns. Having DL sub-band(s) within the UL slot(s) can compensate the DL resource loss. 
[bookmark: _Ref102056716]Proposal 5: A subband partition with UL/DL subband(s) located at the middle part of the carrier in a DL/UL slot, can be considered for deployment scenarios where there is adjacent channel co-existence requirement. 
2.3. Resource indication
For non-transparent SBFD operation for Rel-18 UEs, the SBFD resource configuration or indication is needed to indicate the SBFD resources in both time-domain and frequency-domain. Both semi-static configuration and dynamic indication can be considered as candidate solutions. Specifically, a gNB can semi-statically configure part of a BWP as the SBFD resources to potentially perform transmission with a direction different from that of the BWP. The SBFD resources can be configured in the same way as that for configuring BWP(s). E.g., the gNB can configure the location and bandwidth of each subband to a UE. As shown in Figure 3, the gNB will configure the location and bandwidth of three subbands. The PRBs which are not within any configured subband are considered as guardband.
[bookmark: _Ref111190557]Proposal 6: A gNB configures the location and bandwidth of each subband.
After configuring the subbands, the gNB can further indicate the transmission direction of the symbol(s)/slot(s) containing the subbands semi-statically or dynamically. Then the UE can perform UL transmission or DL reception in these subbands accordingly. 
For the semi-static way, the gNB may configure the period and duration of one or more subbands for potential UL transmission. Taking the case when one subband is configured with corresponding period and duration as an example, the UE can perform UL transmission within the subband during the configured duration of a period for potential UL transmission, and perform DL reception within the subband during other time of the period. In other words, there is an UL subband with ON/OFF operation based on the configured period and duration. 
To adapt more flexibly to the traffic, the gNB can also indicate the transmission direction of the symbol(s)/slot(s) containing the subbands dynamically. Two options for dynamic indication can be considered. One option is that the SFI indication is only applied to a subband configured for potential UL transmission. This will dynamically change the transmission direction of the subband and the UE performs UL transmission or DL reception according to the SFI indication. For other subband(s), the UE may perform DL reception. The other option is to indicate the transmission direction of each subband with a frequency domain format indicator (FFI). An FFI indicates the transmission directions of all configured subbands in each indication period. E.g., if the indication period is 10 slots, and the gNB indicates DUD in the first period and DDD in the second period, the UE knows that the second subband is an UL subband for the first 10 slots and a DL subband for the second 10 slots.
[bookmark: _Ref111190558]Proposal 7: The transmission directions of the subbands can be indicated semi-statically or dynamically.
In addition, considering semi-static flexible symbols are not typically used in current TDD deployments as described in section 2.1, the frequency domain format indicator should be allowed to overwrite semi-static UL symbols and semi-static DL symbols in addition to semi-static flexible symbols to avoid potential interoperability issue and reduce power consumption for legacy UEs.
[bookmark: _Hlk111118958][bookmark: _Ref111190560]Proposal 8: The frequency domain format indicator should be allowed to overwrite semi-static UL symbols and semi-static DL symbols, in addition to semi-static flexible symbols.
3. Potential enhancements for SBFD
3.1. Transmission behavior and collision handling
Based on subband partition described in section 2.2, in a symbol both UL transmission and DL reception may be configured semi-statically or scheduled dynamically. Meanwhile, both the UL transmission and the DL reception may be confined within a corresponding UL/DL subband. At a time, a UE can only perform the UL transmission or the DL reception based on the assumption of half duplex at UE side as described in the SID. As a result, prioritization rule(s) may be required for the UE to select only one from the UL transmission and the DL reception overlapping in time domain. Alternatively, some configuration or indication as discussed in previous section can be used for determining the transmission direction.
[bookmark: _Ref111190561]Proposal 9: Study potential enhancement to determine transmission direction for a symbol configured/scheduled with both UL transmission and DL reception.
During RAN1#109-e meeting, it was concluded that for discussion purpose only, SBFD symbol is defined as symbol with subbands that gNB would use for SBFD operation. In other words, in a SBFD symbol, the bandwidth of a carrier is partitioned into at least two subbands, of which there is at least one UL subband and at least one DL subband. When a configured or scheduled UL transmission occasion/DL reception occasion overlaps with at least one SBFD symbol, how to determine if the occasion is valid or not by the UE, i.e. if the UE perform the corresponding UL transmission/DL reception or not, should be discussed. As a result, additional collision handling rule(s) may be introduced, considering potential collisions in both time domain and frequency domain. For example, if the UL transmission occasion/DL reception occasion overlaps with at least one DL/UL subband within at least one SBFD symbol, a collision is identified and the occasion will be skipped by the UE, otherwise the UE can regard the occasion as valid and perform corresponding UL transmission/DL reception.
[bookmark: _Ref111190562]Proposal 10: Study potential enhancement for collision handling where a UL transmission occasion/DL reception occasion overlapping with at least one SBFD symbol.
3.2. Resource configuration and allocation
During RAN1#109-e meeting, the following agreement was achieved.
Agreement
Study the impact/potential enhancements of resource allocation in symbols with subbands that gNB would use for SBFD operation.


[bookmark: OLE_LINK1][bookmark: OLE_LINK2]As mentioned before, different transmission/reception parameters can be configured and applied to SBFD slot and UL/DL slot to better match conditions of different slot types for better performance. 
Taking PUCCH as an example, in Figure 4 different PUCCH Configs are applied to different slot types, i.e., a separate PUCCH Config is introduced for SBFD slot. Each PUCCH Config can contain parameters better matching characteristics of the corresponding slot type, including applied antenna configuration, power control, planned resources in frequency domain, etc.
Alternatively, each PUCCH resource in a shared PUCCH Config may be configured with one or two sets of parameters, of which one set is applied to SBFD slot, and one set is applied to UL slot. For a PUCCH resource if only one set of parameters is configured, the only one set is commonly applied to both SBFD slot and UL slot, otherwise separate set is applied to different slot type.
If only the difference of starting positions for available UL resources in different slot types is focused on, a frequency offset is applied to a PUCCH resource in a shared PUCCH Config when the PUCCH resource is used in SBFD slot.
Note the shared PUCCH Config (for each PHY priority, if applicable) is applied commonly to any slot with available UL resources.


[bookmark: _Ref110881125]Figure 4: Separate PUCCH Configs for different slot types
The aforementioned solutions can be extended easily to other physical channels or signals, e.g. PDCCH, SPS PDSCH and CSI-RS in DL, and CG PUSCH, SRS, PRACH in UL.
[bookmark: _Ref111190563]Proposal 11: Different transmission/reception parameters can be configured and applied to SBFD slot and UL/DL slot to better match conditions of different slot types for better performance.
3.3. CSI related enhancements
For DL reception, it may be beneficial for a gNB to be aware of the values or ranges of interferences involved in a DL reception, and to perform DL scheduling and data transmission accordingly. This can be achieved by CSI measurement and reporting. For example, different NZP CSI-RS resources, as well as CSI-IM resources, can be used to measure different interference types, which can be configured to the UE in one or more CSI-ReportConfigs. Based on the CSI information in corresponding CSI report(s), the gNB can infer the desired information of CLI by proper implementation.
In addition, for CSI measurement and reporting, configured NZP CSI-RS resources and/or CSI-IM resources may be confined in a DL subband to avoid collision with a UL subband or guard band. However, such configuration would be restrictive. For example, CSI information across the whole BWP may be beneficial for DL frequency-selective scheduling, where the involved CSI resources will cross multiple subbands, including UL subband(s) and/or guard band(s). Besides, it would be hard to avoid collision especially when the subband partition is changed dynamically, as described in section 2.3. Therefore, potential enhancements for more accurate CSI measurement and reporting may be required by taking the potential collision into account.
[bookmark: _Ref111190564]Proposal 12: Study potential enhancements for CSI measurement and reporting for SBFD.
4. CLI handling
4.1. [bookmark: _Hlk54103374]Handling of self-interference
During RAN1#109-e meeting, gNB self-interference modelling for system level simulation purpose was discussed extensively, and an LS [3] was sent to RAN4 after the meeting. RAN1 may wait for response from RAN4 at present, and start to study potential enhancements for handling of self-interference if identified as necessary.
4.2. Handling of UE-to-UE CLI
In Rel-18 SBFD operation, a UE operates at half duplex mode and would suffer co-channel inter-subband/intra- subband CLI and adjacent-channel CLI from other UEs within the same cell or neighbor cells. CLI mitigation schemes need to be considered to guarantee DL performance. 
Considering half duplex operation at UE side, and the fact that the size, power and processing capabilities at UE side are limited, any UE hardware changes and/or more stringent UE RF requirement to support SBFD operation at network side is strongly discouraged. Instead, the handling of UE-to-UE CLI may be largely based on network scheduling, as well as UE measurement. For example, the gNB can avoid scheduling two UEs with opposite transmission directions if the two UEs are identified as close to each other thus cause strong UE-to-UE CLI. 
[bookmark: _Ref102056923]Proposal 13: No UE RF impact for CLI handling is expected to avoid additional UE complexity in Rel-18 SBFD operation.  
For handling of UE-to-UE CLI, potential enhancements can be studied in Rel-18, e.g. UL power control, L1-based UE-to-UE CLI measurement and reporting. More detailed information can be found in our companion contribution [2].
4.3. Handling of gNB-to-gNB CLI
In Rel-18 SBFD operation, co-channel inter-subband/intra-subband CLI and adjacent-channel CLI need to be handled at gNB side. CLI mitigation schemes can suppress/avoid the interference and improve the SINR of received signal. 
For handling of gNB-to-gNB CLI, potential enhancements can be studied in Rel-18, e.g. CLI measurement among gNBs, transmission and reception timing adjustment. More detailed information can be found in our companion contribution [2].
5. Conclusion
In this contribution, we discuss subband configurations, the feasibility and possible enhancements for SBFD, and the following proposals are made.
Observation 1: Transparent SBFD operation for all UEs including legacy UEs and Rel-18 UEs requires the network to configure a large number of semi-static flexible symbols to accommodate SBFD resources.
Observation 2: The legacy UEs may not be fully tested with a large number of semi-static flexible symbols in real commercial deployments, resulting in potential interoperability issue.

Proposal 1: For legacy UEs, SBFD operation and resources should be transparent by using and following existing RAN1 specification.
Proposal 2: For Rel-18 UEs, determine whether SBFD is transparent or not firstly before starting discussion on SBFD notification signaling, as well as potential enhancements.
Proposal 3: For Rel-18 UEs, if non-transparent mode would be adopted, RB-set based scheme and BWP based scheme can be considered as SBFD scheme(s).
Proposal 4: A subband partition with DL subband(s) located at one side of the carrier and UL subband(s) located at the other side, can be considered for deployment scenarios with no or limited adjacent channel coexistence issue.
Proposal 5: A subband partition with UL/DL subband(s) located at the middle part of the carrier in a DL/UL slot, can be considered for deployment scenarios where there is adjacent channel co-existence requirement.
Proposal 6: A gNB configures the location and bandwidth of each subband.
Proposal 7: The transmission directions of the subbands can be indicated semi-statically or dynamically.
Proposal 8: The frequency domain format indicator should be allowed to overwrite semi-static UL symbols and semi-static DL symbols, in addition to semi-static flexible symbols.
Proposal 9: Study potential enhancement to determine transmission direction for a symbol configured/scheduled with both UL transmission and DL reception.
Proposal 10: Study potential enhancement for collision handling where a UL transmission occasion/DL reception occasion overlapping with at least one SBFD symbol.
Proposal 11: Different transmission/reception parameters can be configured and applied to SBFD slot and UL/DL slot to better match conditions of different slot types for better performance.
Proposal 12: Study potential enhancements for CSI measurement and reporting for SBFD.
Proposal 13: No UE RF impact for CLI handling is expected to avoid additional UE complexity in Rel-18 SBFD operation.
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