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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#112bis-e we agreed and concluded the following on SBFD operations:

Conclusion
The following RAN1 observation is made:
One motivation for allowing that a slot can consist of both SBFD and non-SBFD symbols is for compatibility with symbol-level TDD UL/DL configuration.
Frequent switching between SBFD and non-SBFD symbols may increase the implementation complexity and interruptions of transmissions/receptions during transition. 
· Further study whether limitation(s) on the maximum number of switching points between SBFD and non-SBFD symbols within a slot, a TDD UL/DL pattern period, and/or semi-static SBFD configuration period (if different from TDD UL/DL pattern period) are needed
· Further study scenarios a guard period between SBFD and non-SBFD symbols is required/not required and the length of the guard period if required
Note: Whether or not a physical channel/signal occasion is mapped to both SBFD and non-SBFD symbols within a slot is a separate discussion.

Agreement
At least for semi-static SBFD, the following two options are viable solutions for frequency location configuration of DL subband(s) and guardband(s) if any.
· Option 1: Frequency locations of DL subband(s) are explicitly configured. Guardband(s) if any are implicitly derived as the RBs which are not within UL subband or DL subband(s). 
· Option 2: The number of RBs for guardband(s), if any, is explicitly configured. DL subband(s) are implicitly derived as RBs which are not within UL subband or guardband(s).

Agreement
If PRG is determined as wideband, study the following two options:
· Option 1: non-contiguous frequency resources across two DL subbands but contiguous frequency resource within each DL subband can be allocated
· FFS: Precoding assumption within and across the two DL subbands
· Option 2: non-contiguous frequency resources across two DL subbands cannot be allocated
The study should include the impact on UE complexity

Agreement
For UE-to-UE CLI-RSSI measurement/report across downlink subbands, study the following methods:
· Method#1: separate CLI-RSSI measurement resources/reports in each DL subband
· Note: supported in existing specifications
· Method#2: CLI-RSSI measure/report in one DL subband only
· Note: supported in existing specifications
· Method#3: CLI-RSSI measurement/report based on non-contiguous CLI-RSSI resource across downlink subbands
· FFS: report single or separate CLI-RSSI report(s) 
· FFS: details on determination of non-contiguous CLI-RSSI resource allocation 

Agreement
Endorse the text proposal in R1-2303639 for the TR with the following update.
	6.1.1.3  SBFD operation in symbols configured as flexible in TDD-UL-DL-ConfigCommon
For SBFD operation in a symbol configured as flexible in TDD-UL-DL-ConfigCommon, the following optionsalternatives are studied for SBFD aware UEs,
OptionAlt 1: 
· UL transmissions within UL subband are allowed in the symbol
· UL transmissions outside UL subband are not allowed in the symbol
· Frequency locations of DL subband(s) are known to the SBFD aware UE
· DL receptions within DL subband(s) are allowed in the symbol
· FFS: Whether DL receptions outside DL subband(s) are allowed or not in the symbol
OptionAlt 2: 
· UL transmissions within UL subband are allowed in the symbol
· The RBs outside the UL subband can be used as either UL, or DL excluding guardband(s) if used, in the symbol from gNB’s perspective, and the transmission direction for all those RBs is the same
· FFS: SBFD aware UE behaviours
· FFS: Whether or not signalling of guardband(s) is needed
· FFS: Whether or not the symbol can be converted to a DL-only symbol
· Frequency locations of DL subband(s) are known to the SBFD aware UE
· DL receptions within DL subband(s) are allowed in the symbol




Agreement
For SBFD-aware UEs, Option 1 with update is agreed for resource allocation in frequency-domain in case of unaligned boundaries between RBG and SBFD subbands for better resource utilization. 
For an RBG that overlaps the subband boundary,
· Option 1 (with update): 
· The Part of the DL RBG inside the DL subband can be used
· The Part of the UL RBG inside the UL subband can be used

Agreement
For semi-static SBFD, a SBFD aware UE does not transmit UL channels/signals or receive DL channels/signals on the guardband(s) that the UE is aware of.
· FFS: Measurement in guardband for the purpose of CLI measurement

Agreement
· For semi-static SBFD, for a CSI-RS resource which overlaps with SBFD subband boundaries, only CSI-RS resources within DL subband(s) are valid for SBFD-aware UE.
· For semi-static SBFD, for a CSI reporting subband which overlaps with SBFD subband boundaries, CSI report is derived based on CSI-RS resources excluding CSI-RS resources outside DL subband(s).

Conclusion
For the two options agreed in RAN1#112 for UL transmissions and DL receptions across SBFD symbols and non-SBFD symbols in different slots (each transmission/reception within a slot has either all SBFD or all non-SBFD symbols), the following observations are agreed.
· Option 1 can be achieved by gNB configuration or scheduling to ensure that all transmission/reception occasions are confined to either SBFD symbols or non-SBFD symbols. Alternatively, Option 1 can be achieved by additional indication or rules to determine the transmission/reception occasions are valid within one symbol type and are invalid within the other symbol type.
· The frequency resources, power control and beam/spatial relation for all the transmission/reception occasions can be the same for Option 1 but may be different for Option 2. If different, it may require additional specification efforts.
· Option 1 may or may not increase the transmission/reception latency if the transmission/reception in the other symbol type is postponed and may degrade the performance if the transmission/reception in the other symbol type is dropped. Option 2 may or may not reduce the transmission/reception latency and improve coverage.

Agreement
For inter-UE inter-subband CLI measurement, study Method#2 and Method#3 considering:
· Necessity/benefit compared with measurement within DL subband
· Whether/how to estimate CLI from RSRP/RSSI measurements within UL subband / guardband
· Whether UE is required to measure RSRP/RSSI within UL subband and receive DL in DL subband(s) simultaneously
· Whether existing CLI measurement and report framework can be reused to support RSRP/RSSI measurements within UL subband
· If not, identify the potential impact

Conclusion
Time misalignment at gNB between UL receptions and DL transmissions due to configuration of non-zero NTA,offset at UE can lead to increased interference assuming no gNB transmit chain side impairments and no filtering of DL subband(s) in the gNB Rx chain.
· FFS the case with gNB transmit chain impairments and/or filtering of DL subband(s) in the gNB Rx chain
· FFS whether/how to mitigate the interference increase, including impact to legacy UEs

Agreement
Study the following options for SBFD operation in SSB symbols.
· Option 1: UL subband cannot be configured in an SSB symbol
· FFS handling of misaligned periodicities between SSB and semi-static SBFD subband time location configuration
· Option 2: An UL subband can be configured in an SSB symbol
· FFS whether/when and/or under which conditions an SBFD-aware UE transmits in the UL subband or may receive SSB in the symbol.

Agreement
Study whether the transmission/reception occasion of a physical channel/signal can be mapped to SBFD and non-SBFD symbols within a slot for a UE, and whether a UE can transmit/receive in the occasion mapped to SBFD symbols and non-SBFD symbols including:
· Use-case(s) including the locations and number of switching points of the SBFD and non-SBFD symbols in the slot.
· Potential benefits if any
· Phase continuity
· Potential interruption of transmissions/receptions during transition
· Required guard time if any
· Potential impact on performance
· Impact on link adaptation, channel estimation, and other procedures
· UL transmission timing if any
· Implementation complexity
· Applicability for SBFD aware UE and non-SBFD aware UEs
· NOTE: There are more than one scenario where a transmission overlaps SBFD and non-SBFD symbols and some may or may not face the aspects listed above
· NOTE: This study doesn’t mean RAN1 agreement on a slot consisting of SBFD and non-SBFD symbols. 

Conclusion
For the options agreed to study in RAN1#112 for frequency resource allocation for CSI-RS across downlink subbands for SBFD-aware UEs, the following observations are agreed.
· For all the options, there is no impact on CSI-RS sequence generation.
· Option 1 requires additional signalling to link two CSI-RS resources in two DL subbands. 
· Option 2-1 requires new RRC structure to configure non-contiguous RBs for one CSI-RS resource, which may require additional signalling overhead. 
· Option 2-2 can reuse the existing signalling design for CSI-RS resource configuration. Option 2-2 can be used to resolve the potential unaligned boundaries between CSI-RS resource configuration and SBFD subbands
· Further discussion is required on the UE complexity due to:
· UE capability of maximum number of configured CSI-RS resources
· Processing non-contiguous CSI-RS

Agreement
For SBFD-aware UEs, study the following options for CSI report associated with periodic/semi-persistent CSI-RS in case the periodicity is such that CSI-RS instances occur in both SBFD and non-SBFD symbols:
· Option 1: two CSI-ReportConfigs, where one is associated with SBFD symbols and the other is associated with non-SBFD symbols
· Option 1-1: One CSI-ReportConfig is associated with a CSI-RS restricted to SBFD symbols only and the second CSI-ReportConfig is associated with a second CSI-RS restricted to non-SBFD symbols only;
· Option 1-2: Both CSI-ReportConfigs are associated with the same CSI-RS. The CSI report associated with one CSI-ReportConfig is derived based on CSI-RS instances in SBFD symbols only. The CSI report associated with the second CSI-ReportConfig is derived based on CSI-RS instances in non-SBFD symbols only.
· Option 2: one CSI-ReportConfig associated with both SBFD symbols and non-SBFD symbols
· Option 2-1: One CSI-ReportConfig is associated with two CSI-RSs which are restricted to SBFD symbols and non-SBFD symbols respectively. Separate CSI measurements are derived based on the first and second CSI-RSs respectively.
· Option 2-2: One CSI-ReportConfig is associated with one CSI-RS. The CSI report is derived based on CSI-RS which can be in SBFD symbols or non-SBFD symbols in different time instances.
· FFS impact on UE CSI processing and reporting timeline
Note: Whether the CSI-RS resource can be used for SBFD and non-SBFD symbols may depend on, e.g., gNB implementation of same/different antenna configuration in both symbols. 
Option 1-1 can be supported according to existing specification by gNB configuration of appropriate periodicities to ensure that the CSI-RS associated with each CSI-ReportConfig is confined to either SBFD symbols or non-SBFD symbols only. But it may restrict the gNB configuration flexibility and enhancements can be considered by additional indication or rules to determine the CSI-RS is valid within one symbol type and is invalid in the other symbol type.
Option 2-2 can be supported according to existing specification to configure measurement restriction so that UE would not average CSI measurements across SBFD and non-SBFD symbols.

Agreement
For UL transmissions and DL receptions across SBFD symbols and non-SBFD symbols in different slots (each transmission/reception within a slot has either all SBFD or all non-SBFD symbols), if the transmissions/receptions can be in SBFD symbols and non-SBFD symbols with different available resources, study at least the following frequency resource allocation options for PDSCH, CSI-RS, PUSCH, PUCCH, SRS for SBFD-aware UE:
· Option 1: Separate FDRA determination for SBFD slots and non-SBFD slots. 
· Option 1-1: Separate FDRA configurations/indications for SBFD slots and non-SBFD slots
· Option 1-2: Separate frequency resources determined for SBFD slots and non-SBFD slots based on single FDRA configuration/indication 
· Option 1-3: single FDRA configuration/indication and RB offset(s)
· Option 2: Perform rate matching or puncturing on the RBs outside DL/UL subbands for DL/UL channels/signals. 
· Option 3: A DL/UL channel/signal overlapping with RBs outside DL/UL subbands in a SBFD slot is dropped or postponed.
Note: Different options can be studied for different signals/channels.

Agreement
For the case that: 
(a) The monitoring periodicity of a search space is such that different monitoring occasions in different slots occur in SBFD and non-SBFD symbols, respectively, and,
(b) The associated CORESET overlaps the boundary of a DL subband in SBFD symbols
Consider whether/how the above could be supported considering both existing tools in specifications on CORESET and search space configuration as well as at least the following options for potential enhancement for SBFD-aware UE:
· Option 1: Separate valid resources for the CORESET in SBFD symbols and in non-SBFD symbols.
· Option 2: Rate matching or puncturing on the REG(s) of a PDCCH outside DL subband(s). 
· Option 3: UE does not monitor a PDCCH candidate if it is mapped to one or more REs that overlap with REs outside DL subband(s).
· Option 4: Drop search space(s) when the associated CORESET overlaps with RBs outside DL subband(s)
· Option 5: Separate search spaces associated with a CORESET in SBFD and non-SBFD symbols
Note: Whether these enhancements are applicable to only USS or also CSS


This contribution discusses some considerations on using non-overlapping subbands for full duplex TDD.

2. Discussions
2.1 SBFD Configurations
2.1.1 [bookmark: _Ref131673041]Dynamic SBFD
It was agreed that SBFD locations are at least semi-statically configured and we further agreed to consider dynamic indication of SBFD locations.  Knowing the SBFD locations a-priori allows the UE to configure and benefit from subband filters to reduce inter-subband interferences.  However, semi-statically configured SBFD locations may limit scheduling flexibility especially when the traffic changes, e.g., from UL heavy to DL heavy and vice-versa.  Figure 1 and Figure 2 are SLS results for UL & DL Mean User Perceived Throughput (UPT) respectively, from [1] for an FR1 Indoor Office environment, which compares the performance of legacy TDD with semi-statically configured SBFD.  The legacy TDD slot format is {DDDSU} whilst the SBFD slot format is {XXXXU}, where X is an SBFD slot with 33% RBs configured for UL subband.  As expected, Figure 1 shows significant UPT gain in SBFD over TDD, with 36%, 38% and 55% gain for low, medium and high traffic respectively.  However, in the DL, the performance using SBFD is significantly degraded compared to legacy TDD with 21%, 26% and 28% loss for low, medium and high traffic respectively.  The DL performance loss is due to lack of DL resources as 33% of them are used for UL and since SBFD is semi-statically configured, the gNB is unable to re-allocate some of the resources in an UL subband for DL transmissions.  Hence, having a mechanism to dynamically change the SBFD location is beneficial.
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[bookmark: _Ref131587932]Figure 1: Mean UL User Perceived Throughput (FR1 Indoor Office)
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[bookmark: _Ref131587931]Figure 2: Mean DL User Perceived Throughput (FR1 Indoor Office)


Observation 1: DL performance degrades significantly with losses of 21% to 28% Mean DL UPT in semi-statically configured SBFD compared with legacy TDD due to the gNB inability to dynamically allocate UL resources in SBFD slots for DL transmissions.

Proposal 1: Support dynamic configuration of SBFD locations.


In the legacy method, the Slot Format can be configured semi-statically and dynamically, where in the semi-static case it can be signalled in the SIBs and UE dedicated RRC configurations.  A similar signalling as in the signalling for Slot Format can be used for SBFD, where SBFD formats can be configured semi-statically followed by dynamic indication using SFI.  SFI is a GC-DCI and is typically broadcast prior to any scheduling, which allows the UE to re-configure its subband filters (if implemented).  The reserved indices in the SFI, i.e., indices 56-254, can be used to indicate SBFD formats.

Proposal 2: The SBFD formats can be configured in the SIBs, and the SBFD formats can be further configured using UE dedicated RRC signaling.

Proposal 3: Use reserved indices in the SFI, i.e., indices 56-254, to dynamically indicate SBFD formats.


2.1.2 SBFD operation in semi-static DL OFDM symbols
For SBFD operation in an OFDM symbol configured as DL in TDD-UL-DL-ConfigCommon, the following options were considered:
· Option 1 (semi-static): DL receptions outside semi-statically configured DL subband(s) are not allowed
· Option 2: DL receptions outside semi-statically configured DL subband(s) are allowed

Option 1 does not allow DL reception in guardbands (if configured) or in an UL subband once it is configured for the cell.  As shown in Section 2.1.1, fixing the DL & UL subbands restricts the gNB’s ability to manage its resource to match changing traffic load, which leads to significant loss in DL performance.  On the other hand, Option 2 provides a means for the gNB to adapt to dynamically changing traffic patterns and hence we have a preference for Option 2.

Proposal 4: For SBFD-aware UEs operating in OFDM symbols configured as DL in in TDD-UL-DL-ConfigCommon, DL receptions outside semi-statically configured DL subband(s) are allowed (i.e. Option 2).


2.1.3 SBFD operation in semi-static Flexible OFDM symbols
For SBFD operation in an OFDM symbol configured as Flexible in TDD-UL-DL-ConfigCommon, the following options were considered:
· Option 1 (semi-static): DL receptions outside semi-statically configured DL subband(s) are not allowed and UL transmissions outside semi-statically configured UL subband are not allowed
· Option 2: DL receptions outside semi-statically configured DL subband(s) are allowed 
· UL transmissions outside the semi-statically configured UL subbands are not allowed
· Option 3: DL receptions outside semi-statically configured DL subband(s) are allowed
· UL transmissions outside the semi-statically configured UL subbands are allowed

Similar to SBFD operation in OFDM symbols configured as DL in TDD-UL-DL-ConfigCommon, Option 1 restricts the scheduling flexibility of the gNB in managing the resource to balance UL & DL traffic load, which can lead to significant degradation in DL performance.  Option 2 & Option 3 enable the gNB to dynamically change DL resources to adapt to changes in DL traffic load.  However, Option 2 doesn’t allow the gNB to dynamically manage the UL resources and limits it to the RBs configured in the UL subband, which may lead to performance degradation in the UL.  Furthermore, since Rel-15, Flexible OFDM symbol can be changed to DL & UL, it would be good to maintain such behaviour in Rel-18 and allows RBs outside of UL subbands (if they are still Flexible RBs) to be used for UL transmissions.

Proposal 5: For SBFD-aware UEs operating in OFDM symbols configured as DL in in TDD-UL-DL-ConfigCommon, DL receptions outside semi-statically configured DL subband(s) and UL transmissions outside the semi-statically configured UL subbands are allowed (i.e. Option 3).


2.1.4 SBFD and non-SBFD OFDM symbols in a slot
It was agreed to consider the benefits and use cases for SBFD and non-SBFD OFDM symbols in a slot.

In Rel-15, the Slot Format configuration is able to independently configure each individual OFDM symbol within a slot, which enables DL and UL transmission within a slot to support low latency requirements.  Since this flexibility already exists in Rel-15, we should extend such flexibility also for SBFD configurations.

Observation 2: The flexibility in configuring Slot Format at OFDM symbol level in Rel-15 should be maintained also for SBFD configurations.


Typically, in a DL slot, the first 2 OFDM symbols contain PDCCH search spaces that are used to provide DL/UL grants for the UE.  The DL slot also contains CORESET#0 that is used for the UE in initial access especially for UE in IDLE Mode.  These existing CORESET and PDCCH Search Spaces occupy only a few OFDM symbols in a slot and in the frequency domain they may overlap with the intended UL subband.  An example is in Figure 3, showing a {DUD} SBFD configuration where the UL subband occupies frequencies f2 to f3.  In Slot n, an existing CORESET from legacy operation, e.g. CORESET#0, occupies frequencies f1 to f4, which would overlap with the intended UL subband in the 1st and 2nd OFDM symbol as shown in the LHS of Figure 3.  To avoid reconfiguring and re-dimensioning the CORESET and hence PDCCH resources, the 1st and 2nd OFDM symbols can be configured as DL whilst the remaining OFDM symbols in Slot n are configured as SBFD as shown in RHS of Figure 3, thereby avoiding any collision between the existing CORESET and the intended UL subband.  Hence by allowing SBFD and non-SBFD OFDM symbols in a slot, existing CORESETs and PDCCH Search Spaces can avoid potential collision with an UL subband and therefore they can be maintained without reconfiguration.  In addition to CORESET and PDCCH Search Spaces, other DL transmissions such as SSB that may collide with the intended UL subband can also benefit from such configurations.
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[bookmark: _Ref131692633]Figure 3: SBFD & non-SBFD OFDM symbols in a slot for CORESET/PDCCH

Observation 3:  Allowing SBFD and non-SBFD OFDM symbols in a slot avoids legacy CORESETs, PDCCH Search Spaces and SSB from colliding with an intended UL subband by configuring them in DL only OFDM symbols in a slot whilst the remaining OFDM symbols in the slot are configured as SBFD.

Proposal 6: Support SBFD and non-SBFD OFDM symbols in a slot.


2.2 Frequency Domain Resource Assignment
In the legacy system, Resource Blocks (RB) for a PDSCH or PUSCH are allocated using either FDRA Type 0 or FDRA Type 1.  FDRA Type 0 uses an RBG bitmap that can indicate discontinuous RBs for a PDSCH or PUSCH whilst FDRA Type 1 allocates a set of contiguous RBs by indicating the starting RB and the number of RBs occupied by the PDSCH or PUSCH.

One of the subband configurations considered consists of 2 DL subbands and an UL subband, i.e. {DUD}, where the UL subband is between the two DL subbands as shown in Figure 4.  Since FDRA Type 1 can only allocate a set of contiguous RBs for a PDSCH, it cannot allocate a PDSCH that occupies both DL subbands, i.e., DL Subband#1 and DL Subband#2.  FDRA Type 0 can allocate a PDSCH to occupy RBs in both DL subbands but it has a coarser frequency granularity since it allocates in units of RBG and for finer RBG granularity, i.e., RBG Configuration#1, it consumes more FDRA bits in the DCI compared to FDRA Type 0.  FDRA Type 0 is not supported in Fallback DCI, i.e., DCI format 1_0, which may restrict gNB scheduler flexibility if it needs to use the Fallback DCI.
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[bookmark: _Ref109148072]Figure 4: {DUD} Subband configuration

Observation 4: For the {DUD}, subband configuration, FDRA Type 1 cannot schedule a PDSCH to occupy both DL subbands since it only allocates contiguous sets of RBs for a PDSCH.

Observation 5: For the {DUD} subband configuration, FDRA Type 0 can be used to schedule a PDSCH to occupy RBs in both DL subbands.  However, since RBG is the unit of allocation, FDRA Type 0 has a coarser frequency granularity compared to FDRA Type 1 and if the finer RBG granularity (i.e. RBG Configuration#1) is used, then FDRA Type 1 consumes more DCI bits compared to FDRA Type 0.

Observation 6: FDRA Type 0 is not supported in Fallback DCI (Format 1_0).


One way to utilise the advantages of FDRA Type 1, i.e., finer frequency granularity (in units of RBs) and consume less DCI bits compared to FDRA Type 0, but without restricting to only contiguous RBs allocation, is to use a Mirror Image FDRA.  In this method, the RBs allocated in one DL subband are “reflected” onto the other DL subband.  An example is shown Figure 5, where a slot uses the {DUD} subband configuration.  Here, the gNB uses FDRA Type 1 to indicate RBs in DL Subband#1 and using the Mirror Image FDRA, the indicated RBs are reflected via a reflection line in the middle of the BWP, thereby allocating the same number of RBs in DL Subband#2.  The Mirror Image FDRA allows the finer frequency granularity of FDRA Type 1, which also uses less DCI bits, to allocate to both DL subbands.  The Mirror Image FDRA can be enabled or disabled, e.g., using 1 bit, in the DL Grant.
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[bookmark: _Ref110246803]Figure 5: Mirror Image FDRA

Proposal 7: Consider using a Mirror Image FDRA, where the DL Grant indicates a 1st set of RBs and a 2nd set of RBs is determined by reflecting the 1st set of RBs across the middle of the BWP.  The scheduled PDSCH occupies the 1st set and the 2nd sets of RBs.  The Mirror Image FDRA can be enabled or disabled in the DL Grant.


The Mirror Image FDRA can be used whether the subband configuration is transparent or known to the UE.  If the subband is transparent to the UE, the UE just determines the RBs using the Mirror Image FDRA without having to know where the DL subbands are.  However, if the subbands are known to the UE and are semi-statically configured, then a smaller FDRA bit size can be used in the DL Grant since the FDRA bits need to only address the RBs in one of the DL subbands rather than the entire BWP.

Observation 7: The Mirror Image FDRA is applicable regardless of whether the subband configuration is transparent or known to the UE.

Observation 8: If the subband configuration is semi-statically signalled to the UE, a smaller FDRA bit size can be used in the DL Grant since the FDRA needs only to address the number of RBs in one of the DL subbands rather than the entire BWP.



2.3 Transmissions across SBFD & non-SBFD slots
On the transmission across SBFD & non-SBFD slots, the following options were considered:
· Option 1: The transmissions/receptions are restricted to SBFD symbols only or non-SBFD symbols only
· Option 2: The transmissions/receptions can be in SBFD symbols and non-SBFD symbols

Option 1 is very restrictive and defeats the purpose of SBFD as in one of the objectives, SBFD is to reduce latency notably for repetitive UL transmissions.  For example, in an SBFD slot configuration {XXXXU}, i.e. with 4 SBFD slots followed by an UL slot, if a PUSCH with repetitive transmission starts in the UL slot then the subsequent repetitions cannot continue in the following SBFD slots.
Observation 9: Restricting transmissions/receptions that cross SBFD & non-SBFD slots to only SBFD symbols or non-SBFD symbols would increase latency and restrict the gNB scheduler, which defeats the purpose of SBFD.

Option 2 does not impose unnecessary restriction on transmissions/receptions across SBFD and non-SBFD slots.  It should also be noted that in the legacy system, transmissions/receptions that occupies several slots such as repetitions have mechanisms to handle collision with symbols of the opposite link direction, for example segmentation for PUSCH Repetition Type B when it collides with DL symbols and delaying an SPS transmission that collides with UL OFDM symbols.  Hence, we do not see any reason why transmissions/receptions must be restricted to only SBFD symbols or only non-SBFD symbols.
Observation 10: Legacy transmissions/receptions that span multiple slots are not restricted to UL only OFDM symbols or DL only OFDM symbols.  Hence, transmissions/receptions that cross multiple slots should not be restricted to only SBFD OFDM symbols or only non-SBFD OFDM symbols.
Proposal 8: For a transmissions/receptions across SBFD & non-SBFD slots, the transmissions/receptions can be in SBFD OFDM symbols and non-SBFD OFDM symbols (Option 2).

The following sections describe behaviour of transmissions/receptions across SBFD & non-SBFD slots.

2.3.1 Frequency Hopping
In SBFD operation, some slots are SBFD whilst others are fully UL, and hence a PUSCH or PUCCH undergoing frequency hopping using a legacy frequency hopping offset will experience different UL bandwidth in different slots.  In some slots, if the bandwidth of the UL is small, frequency hopping may not provide any frequency diversity gain or may not be feasible if the PUSCH or PUCCH consumes most of the bandwidth in the UL subband (i.e., there is no space/resource available for the second hop).  

Observation 11: Frequency hopping in UL subband with small bandwidth may not be feasible if the PUSCH/PUCCH consumes most of the UL subband or may not provide any gain.

Observation 12: Whether frequency hopping is enabled or disabled in UL subbands depends on the bandwidth size of the UL subbands. 


If SBFD locations can be dynamically configured, e.g., using SFI, then one way to enable/disable frequency hopping is to determine the bandwith, e.g., in RBs, of the UL subband.  That is, frequency hopping is enabled if the bandwidth of the UL subband is above a threshold otherwise frequency hopping is not performed.  The threshold can be semi-statically configured.  An example is shown in Figure 6, where {DUD}SBFD are configured for Slot n+1, n+2 and n+3, where the UL subband in Slot n+3 is smaller than those in Slot n+1 and Slot n+2.  A PUSCH with 4× repetitions, labelled as 1st PUSCH, 2nd PUSCH, 3rd PUSCH and 4th PUSCH, starts in Slot n+1 where intra-slot frequency hopping is used.  The UL subbands in Slot n+1 and n+2 are larger than a threshold and so intra-slot frequency hopping is enabled for the 1st PUSCH and 2nd PUSCH.  For Slot n+3, the UL subband is smaller than the threshold and so frequency hopping is disabled for the 3rd PUSCH, since there may not be any meaningful gain in performing frequency hopping and may even cause a loss as each hop consumes at least one OFDM symbol for DMRS due to channel discontinuity.  Hence, whether to perform frequency hopping within one or more UL subband depends on the bandwidth of the UL subband.
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[bookmark: _Ref115186242]Figure 6: Frequency hopping with UL subbands


Proposal 9: For a UE configured with frequency hopping for a PUSCH/PUCCH, the UE performs frequency hopping in SBFD slots if the bandwidth size of the UL subband is larger than a configured threshold and if there is resource available for the second hop, otherwise the UE disables frequency hopping in the SBFD slot.


2.3.2 Periodic Transmission & Repetitions
Transmissions with repetitions and periodic transmissions that are semi-statically configured such as CG-PUSCH and SPS may be initially scheduled for a non-SBFD slot and in a later transmission fall into an SBFD slot and collide with a subband of the opposite link direction.  In some proposals, e.g. [2], transmissions that collide with a subband of the opposite link direction are dropped.  Dropping a transmission may be acceptable if such collision is rare but if the collision occurs often, then dropping the colliding transmission may not be beneficial as it may degrade the throughput performance.  An alternative is to remap the colliding transmission to another frequency resource for example by shifting it by a known frequency offset freq.  An example is shown Figure 7, where a PDSCH is semi-statically configured to have 2× repetitions and the 1st repetition is in Slot n which is a (full) DL slot whilst the 2nd repetition is in Slot n+1 which contains an UL subband.  Here the 2nd repetition partially collides with the UL subband and is shifted down by a known frequency offset freq, which avoids colliding with the UL subband.  In contrast if the 2nd repetition which collides with the UL subband is dropped, then the PDSCH would lose about 3 dB in performance and may defeat the purpose of performing repetition in the first place.
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[bookmark: _Ref126943853]Figure 7: Remapping a colliding transmission

Observation 13: Dropping a repetitive transmission or a periodic transmission (e.g. CG-PUSCH or SPS) that collides with a subband with the opposite link direction may degrade the performance significantly if the collision occurs often. 

Proposal 10: A repetitive transmission or a transmission of a CG-PUSCH or SPS that collides with a subband with the opposite link direction can be remapped to a different frequency location by shifting it by a known frequency offset.


2.3.3 PDCCH
PDCCH occurs periodically and the CORESET that it occupies may collide with a UL subband, affecting the PDCCH Search Space.  One approach is to over-configure the number of CORESETs for the same PDCCH Search Space, that is, separate CORESETs are configured for an SBFD slot and a non-SBFD slot.  However, the number of CORESETs that can be configured for a UE is 3 per BWP and so this approach may cause the UE to reach the limit and this may not even be feasible if 3 CORESETs are already used by the UE for legacy services.

Observation 14: Since a UE is limited to 3 CORESETs per BWP, over-configuring the number of CORESETs such that separate CORESETs are used for SBFD and non-SBFD slots may hit the limit and may not be feasible for cases where 3 CORESETs are already used for legacy services.


Another approach is to modify the PDCCH candidates that have CCEs colliding with an UL subband and/or guard subband by dropping the colliding CCEs and reducing the Aggregation Level of the affected PDCCH candidates.  An example is shown in Figure 8, where a CORESET has 8 CCEs, labelled as CCE0 to CCE7 and a PDCCH Search Space is contained in this CORESET where it has 7 PDCCH candidates, consisting of 3 × AL1 (candidates C0, C1, C2), 2 × AL2 (candidates C3, C4), 1 × AL4 (candidate C5) and 1 × AL8 (candidate C6).  In a PDCCH occasion, the CORESET collides with UL and guard subbands, affecting CCE0, CCE1 and CCE2.  These colliding CCEs can be removed from the CORESET resulting in reduction in AL for PDCCH candidate C3, C5 and C6 to AL1, AL1 and AL4 respectively (i.e., to the nearest valid AL).  PDCCH candidate C0 and C1 are dropped since they cannot further reduce their AL.
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[bookmark: _Ref126946745]Figure 8: Reducing AL of PDCCH candidate with colliding CCEs

Proposal 11: The CCEs of a CORESET that collides with a UL subband and/or guard subband are dropped and the Aggregation Levels (AL) of PDCCH candidates with these colliding CCEs are reduced to the nearest valid AL.


A CORESET with interleaved CCEs that collides partially with a UL subband and/or guard subband may impact a large number of CCEs compared to a CORESET with non-interleaved CCE.  For example, consider a CORESET with 24 REGs forming 4 CCEs as in Figure 9.  Here REGs 1 to 10 collide with a UL subband and guard subband and they cannot be used.  For an interleaved CCE as in the left-hand-side of Figure 9, this collision would impact all its CCEs, that is none of the CCEs in the CORESET can be used.  In contrast for a non-interleaved CCE as in the right-hand-side of Figure 9, the same collision would only impact two CCEs, i.e., CCE0 and CCE1.  Hence, it may be beneficial to convert an interleaved CCE to non-interleaved CCE when a CORESET collides with a UL subband and/or guard subband.
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[bookmark: _Ref126948047]Figure 9: Changing from interleaved CCE to non-interleaved CCE for a colliding CORESET

Observation 15: A CORESET with interleaved CCE colliding with a UL subband and/or guard subband, may impact more CCEs thereby affecting more PDCCH candidates than a CORESET with non-interleaved CCE in the same collision.

Proposal 12: A CORESET with interleaved CCE that collides with a UL subband and/or guard subband is changed to a CORESET with non-interleaved CCE to minimise the number of impacted CCE and impacted PDCCH candidates in the CORESET.



2.4 Transmissions across SBFD & non-SBFD OFDM symbols in a slot
It was agreed to consider whether transmission across SBFD and non-SBFD OFDM symbols in a slot is allowed in RAN1#112bis-e.  There are two scenarios where such transmission can occur, as shown in Figure 10:

· Scenario 1: A transmission that is not interrupted when it crosses SBFD and non-SBFD OFDM symbols in a slot.  For example, in Scenario 1 of Figure 10, the PDSCH is transmitted in RBs configured for DL and hence the PDSCH is not interrupted due to collision with non-DL RBs, e.g., UL RBs or guardbband.
· Scenario 2: A transmission that is interrupted due to collision with RBs of a different link direction or guardbband.  For example, in Scenario 2 of Figure 10, the PUSCH transmission starts in an UL subband but is interrupted due to collision with two DL symbols at the 8th and 9th OFDM symbol of the slot. 
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[bookmark: _Ref134546559]Figure 10: Scenarios for transmissions across SBFD & non-SBFD OFDM symbols in a slot

The main issue that was raised concerns the transition between SBFD and non-SBFD OFDM symbols due to changes to link direction or gNB/UE configurations, where guard period(s) may be required for this transition.  For Scenario 1, if the transmissions follow one configuration, e.g. gNB antenna panel and the  same power transmit loop, then there is no need for the UE and gNB to make any changes to that transmission when it crosses between SBFD and non-SBFD OFDM symbols.

Observation 16: For the scenario (Scenario 1) where a transmission crosses SBFD and non-SBFD OFDM symbols in a slot but the transmission remains in RBs of the same link direction, configurations for transiting between SBFD and non-SBFD OFDM symbols are not required if the transmission uses a single transmission parameter and configuration at the UE and gNB.


For Scenario 2, interruptions occur when the transmission collides with RBs of a different link direction or guardbands.  Such interruptions are similar to transmissions of Rel-16 PUSCH repetition Type B, where the PUSCH is segmented into multiple actual PUSCHs.  Hence, similar techniques can be applied for an interrupted transmission that crosses SBFD and non-SBFD OFDM symbols in a slot.

Observation 17: For the scenario (Scenario 2) where a transmission is interrupted when it crosses SBFD and non-SBFD OFDM symbols in a slot due to collisions with RBs of the opposite link direction or guardband, the mechanism for Rel-16 PUSCH repetition Type B can be used, where the interrupted transmission is segmented into multiple actual transmissions.


Since in both Scenario 1 and Scenario 2 transmissions can be performed without significant complexity, we do not see any reason why transmission across SBFD and non-SBFD OFDM symbols in a slot cannot occur.

Proposal 13: Transmission across SBFD and non-SBFD OFDM symbols in a slot is allowed.

Proposal 14: For transmission across SBFD and non-SBFD OFDM symbols in the same slot that occurs entirely in RBs of the same link direction, the transmission uses the same transmission parameters and configurations.

Proposal 15: For transmission across SBFD and non-SBFD OFDM symbols in the same slot that have interruptions due to collisions with RBs of the opposite link direction or guardband, reuse the segmentation mechanism from Rel-16 PUSCH repetition Type B.


2.5 DL & UL Collisions
Since the SBFD capable UE is Half Duplex, it cannot transmit and receive at the same time.  However, it is possible that the UE has simultaneous DL & UL messages being allocated to it.  An example is shown in Figure 11, where a UE is configured with PDCCH Search Spaces (SS) to occur at the start of DL and SBFD slots and in Slot n+1, a UE is scheduled with PUSCH#1 that overlaps with a PDCCH Search Space thereby causing a collision.  DL & UL collision can also happen with configured transmissions such as CG-PUSCH and SPS, for example in Figure 11, an SPS monitoring occasion occurs in Slot n+3 but in the same slot, PUCCH#1 is being scheduled by DCI#2 to carry the HARQ-ACK for PDSCH#1, thereby causing another collision.  Hence, a mechanism is required to resolve such collisions.
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[bookmark: _Ref115169911]Figure 11: DL & UL collisions in SBFD slots

Observation 18: DL & UL messages for the same UE may collide in SBFD slots and a mechanism is required to resolve such collisions.


One way to resolve DL & UL collisions is to prioritise messages that are dynamically scheduled over semi-statically configured messages that occur periodically.  The gNB is aware of the semi-statically configured resources or monitoring occasions such as PDCCH Search Spaces, SPS and CG-PUSCH and so if a gNB deliberately schedules a dynamic transmission in the opposite link direction to overlap them, then that is the gNB scheduler intention and therefore the UE should prioritise the dynamically scheduled messages.  Using the example in Figure 11, in Slot n+1, the UE will transmit PUSCH#1 and ignore monitoring the PDCCH Search Space and in Slot n+3, the UE will transmit PUCCH#1 and will not monitor the SPS.

Proposal 16: If DL & UL messages collide in an SBFD slot, the UE prioritises the dynamically scheduled transmission over the semi-statically configured resources (e.g. PDCCH Search Space, SPS, CG-PUSCH).


2.6 Non-Uniform MCS & Power
Although in SBFD operation, the subbands are non-overlapped, due to transmitter leakage and receiver selectivity, inter subband CLI can occur.  The RBs closer to the boundary of another subband are subject to higher CLI than those away from that boundary.  An example is shown in Figure 12, where a {DU} subband is configured such that the UL subband occupies frequencies f1 to f3 and the DL subband occupies frequencies f3 to f6.  A PDSCH is scheduled in the DL subband occupying f3 to f5.  Due to the inter subband interference, the PDSCH RBs closer to the UL subband will experience higher CLI compared to those away from it, i.e., the PDSCH RBs between f3 to f4 would have higher CLI compared to the PDSCH RBs between f4 to f5.
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[bookmark: _Ref110263441]Figure 12: Inter Subband CLI

Observation 19: Inter subband CLI is non-uniform across a subband, where it is stronger for RBs in a subband that are closer to an adjacent subband compared to RBs that are further away from the adjacent subband.


Since inter subband CLI is non-uniform across a subband, it can be beneficial that the MCS of a PUSCH or PDSCH are also non-uniform.  For the example in Figure 12, the PDSCH can be scheduled with multiple CBGs where the CBGs between frequencies f3 to f4 can use a lower MCS compared to the CBGs between frequencies f4 to f5 since the CBGs between frequencies f3 to f4 suffer higher CLI compared to CBGs between frequencies f4 to f5.  

For uplink transmission, non-uniform transmit power can be used.  For example, a PUSCH may use lower transmission power for RBs closer to an adjacent subband compared to RBs further away from the adjacent subbands.  The lower transmit power would reduce inter subband CLI into the adjacent subband.

Proposal 17: Support non-uniform MCS in a PDSCH and PUSCH so that RBs of a PDSCH/PUSCH that are closer to an adjacent subband uses more robust MCS compared to RBs that are further away from an adjacent subband.

Proposal 18: Support non-uniform power control in a PUSCH so that RBs closer to an adjacent subband are transmitted with lower power compared to RBs further away from the adjacent subband.


2.7 Timing
2.7.1 Timing Advance
In legacy TDD operation, where the slot format is semi-statically configured, flexible OFDM symbols are configured prior to an UL slot to provide a guard period for a UE to switch from DL to UL and also to perform timing advance (TA).  An example is shown in Figure 13, where Slot n+4 is an UL slot and here PUCCH#1 is scheduled to start at the beginning of Slot n+4 and to compensate for the propagation delay (assumed to be 1 OFDM symbol), the UE time advances PUCCH#1 to start 2 OFDM symbols earlier, at time t13.  Two flexible OFDM symbols are configured at the end of DL Slot n+3 to act as a guard period enabling the UE to perform its TA.
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[bookmark: _Ref127021997]Figure 13: Timing Advance in SBFD

Since we expect SBFD operation to be implemented by inserting a UL subband to existing DL slots or DL OFDM symbols that are originally used in legacy operations, there may not be any flexible OFDM symbols available prior to UL transmissions in UL subbands.  Configuring semi-static flexible OFDM symbols or flexible subbands [3] to provide guard periods for DL to UL switching & timing advance may not be feasible since a UE may be scheduled non-overlapping DL and UL transmissions within an SBFD slot, where the DL transmission can end in any OFDM symbol and the UL transmission can start in any OFDM symbol, that is, the guard period is dynamic.  Note that being able to schedule DL & UL in an SBFD slot is one of the benefits of introducing SBFD as it enables better utilization of available resources and reduces UL latency.  For example in Figure 13, a UE is scheduled PDSCH#1 with 7 OFDM symbol duration to start at the beginning of Slot n+2 and also scheduled PUSCH#1 to start in the middle of Slot n+2, i.e. after PDSCH#1.  It is difficult for the gNB to semi-statically configure flexible OFDM symbols in the middle of Slot n+2 to provide a guard period as the gNB scheduler cannot predict in advance whether there will be DL & UL transmission in an SBFD slot and when these transmissions would start and end.

Observation 20: Since DL & UL transmissions for a UE may occur within an SBFD slot and it is impossible to predict well in advance when the DL & UL transmissions would end and start, it is not feasible to use semi-static flexible OFDM symbols as a guard period for DL to UL switching between an SBFD slot and within an SBFD slot.

Observation 21: For SBFD operation, the guard period for DL to UL switching needs to be dynamically provided.


Since a guard period needs to be dynamically provided, when a DL transmission collides with an UL transmission due to the need for timing advance, the guard period will need to be created by either puncturing the DL transmission, UL transmission or both transmissions.  Some rules are required to determine which transmission can be punctured, such as the L1 priority and whether any DMRS falls within the guard period.  For example in Figure 13, the last two symbols of PDSCH#1 collide with the first two symbols of PUSCH#1 at the UE due to the need to time advance PUSCH#1.  Here, PDSCH#1 is scheduled with an associated PUCCH#1 that has low L1 priority whilst PUSCH#1 is scheduled with high L1 priority.  Using L1 priority rule the guard period is created in the lower L1 priority transmission or the PDSCH with an associated low L1 priority PUCCH, in this case the last two OFDM symbols of PDSCH#1 are punctured to create the guard period.  Another rule may be to puncture the OFDM symbols that do not contain DMRS, using the example in Figure 13 again, the 1st OFDM symbol of PUSCH#1 contains DMRS whereas the last two OFDM symbols of PDSCH#1 do not contain any DMRS and so, the guard period is created by puncturing the last two OFDM symbols of PDSCH#1.

Proposal 19: In SBFD operation, when a DL transmission collides with an UL transmission in an UL subband in a UE due to the need to perform timing advance for the UL transmission, whether the guard period is created by puncturing the last one or more OFDM symbols of the DL transmission or the first one or more OFDM symbols of the UL transmission can be determined based on some rules, such as the L1 priority of the transmission and whether the OFDM symbols contain DMRS.


2.7.2 Timing Alignment
For TDD, the UE expects an UL to DL switching time NTX-RX of 13 s or 7 s for FR1 and FR2 respectively, at the end of an UL transmission and the start of a DL transmission.  In legacy TDD operation, NTX-RX is provided by configuring a common timing advance offset NTA,offset, which is indicated in the SIB and can be configured to {0, 13, 20} s.  The UE applies an overall timing advance TTA = NTA + NTA,offset, where NTA is the timing advance the UE used to compensate for propagation delay between the gNB and the UE.  Hence, an NTA,offset ≥ 13 s would ensure the UE is provided with the expected NTX-RX for UL to DL switching time.

For SBFD operation, it is identified that setting NTA,offset > 0 may worsen the DL to UL self-interference at the gNB since the UL transmission would arrive NTA,offset early at the gNB’s receiver and would not be aligned with the DL transmission of the gNB, that is the UL and DL cyclic prefixes may not overlap causing them to lose orthogonality and making it difficult to use an advanced receiver to cancel the DL (self) interference [4].  An example is shown in Figure 14, where UE1 is scheduled a PUSCH to start at Slot n+1 within the UL subband.  The propagation delay between the gNB and UE1 is TgNB-UE and so UE1 compensates for the propagation delay with time advance NTA = 2 × TgNB-UE.  In this example NTA,offset = 13 s and so UE1 applies an overall time advance TTA = NTA + NTA,offset to the PUSCH and transmits it at time t2.  At the gNB, the PUSCH from UE1 arrives at time t3, which is NTA,offset early from the start of Slot n+1.  In Slot n+1, the gNB schedules a PDSCH to UE2 within the DL subband, and consequently the PDSCH to UE2 becomes an interferer to the PUSCH from UE1.  As shown in the right-hand-side of Figure 14, since the PUSCH is offset by NTA,offset at the gNB’s receiver, its Cyclic Prefix does not overlap with that of the PDSCH and they have lost their orthogonality making it difficult for the gNB to cancel the self-interference from PDSCH.
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[bookmark: _Ref127030346]Figure 14: Time misalignment between DL & UL at the gNB

In [2], it is proposed to have two common timing advance offsets, NTA,offset1 and NTA,offset2 for an SBFD slot and a non-SBFD slot respectively, where NTA,offset1 = 0 and NTA,offset2 > 0.  Setting NTA,offset1 = 0 for SBFD slots enables UL transmissions in an UL subband to align with any DL self-interference at the gNB.  However, this assumes that there are no DL receptions for the same UE between two SBFD slots or within an SBFD slot, since setting NTA,offset1 = 0 would remove the required UL to DL switching time NTX-RX for a UE.  An example is shown in Figure 15, where in Slot n+1, the gNB schedules UE1 with PUSCH#1 which is 14 OFDM symbols long, and UE1 applies TTA = NTA + NTA,offset1, where NTA,offset1 = 0, that is, UE1 only applies a timing advance to compensate for the propagation delay.  Consequently PUSCH#1 arrives at the start of Slot n+1 at the gNB’s receiver which aligns with a DL interferer, i.e., PDSCH#1 scheduled for UE2.  However, UE1 needs to monitor for PDCCH at the start of Slot n+2 and since UE1 time advanced PUSCH#1 by only NTA, there is insufficient time gap between the end of PUSCH#1 at time t5 and the start of the PDCCH at time t7 as typically NTA < NTX-RX.  In Slot n+3, UE1 is scheduled with PUSCH#2 which has a duration of 6 OFDM symbols, to start at Slot n+3 in the gNB and again UE1 time advances PUSCH#2 by NTA since Slot n+3 is an SBFD slot and NTA,offset1 = 0, which results in PUSCH#2 arriving at the start of Slot n+3.  The gNB schedules PDSCH#2 to UE1 at the 7th OFDM symbol in Slot n+3 and since the UE time advanced PUSCH#2 by NTA, the time gap between the end of PUSCH#2 and the start of PDSCH#2 is therefore NTA which is smaller than the required NTX-RX.  Hence, using NTA,offset1 = 0 for UL transmissions in an SBFD slot may align the UL transmission with any DL self-interference at the gNB but may not provide sufficient time gap between the end of that UL transmission and the start of a potential DL reception at the UE to perform UL to DL switching.
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[bookmark: _Ref127031475]Figure 15: Setting NTA,offset1 = 0 removes NTX-RX time gap for UL to DL switching

Observation 22: Setting NTA,offset = 0 for UL transmission in SBFD slots may lead to insufficient time gap for UL to DL switching, that is, the time gap, at the UE, between the end of an UL transmission and the start of a DL reception is less than NTX-RX.


In order to align the UL transmission with DL self-interference at the gNB and also provide sufficient time gap at the end of the UL transmission for UL to DL switching, one way is to align the 2nd or later OFDM symbol of the UL transmission with the DL interferer instead of trying to align the 1st OFDM symbol, i.e., the start of the UL transmission with the DL interferer.  Here an additional time alignment offset TUL can be added to the overall interference, i.e., TTA = NTA + NTA,offset + TUL such that the 2nd or later OFDM symbol of the UL transmission is aligned with the start of any potential DL interferer.  An example is shown in Figure 16, where the gNB schedules UE1 with a PUSCH and UE2 with a PDSCH to start at the beginning of Slot n+1, thereby causing the PDSCH to self-interfere with the PUSCH at the gNB’s receiver.  Here we assume a 60 kHz SCS and NTA,offset = 13 s as per legacy operation.  UE1 applies an overall timing advance TTA = NTA + NTA,offset + TUL where TUL is selected so that the 2nd OFDM symbol of the PUSCH is aligned with the 1st OFDM symbol of the PDSCH (DL interferer) at the gNB as shown in the right-hand-side of Figure 16.  This enables the UL transmission to align with any DL interferer and at the same time ensures that there is a time gap ≥ NTX-RX at UE1 between the end of the UL transmission and the start of a potential DL reception in the following slot, for UL to DL switching.
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[bookmark: _Ref127032757]Figure 16: Adding TUL to the overall timing advance to align the 2nd OFDM symbol with the DL interferer

Proposal 20: Add a time alignment offset TUL to the overall timing advance TTA for UL transmission in SBFD slots, where TUL is selected such that the 2nd or higher OFDM symbol of the UL transmission aligns with a potential DL interferer at the gNB and also provides at least NTX-RX s at the UE between the end of an UL transmission and the start of a DL reception for UL to DL switching.


2.8 SSB in SBFD OFDM symbols
SSB is typically used for initial access and cell reselection, where an SSB burst set which contains multiple SSBs can occupy 5 ms with a periodicity between 5 ms to 160 ms.  There were some discussions in previous meetings on whether SSB in SBFD OFDM symbols is allowed or not.  

If SSB in SBFD OFDM symbols are not allowed, then there may not be many slots that can be configured with SBFD especially for cases where the SSB burst set is long (5 ms) and has very short periodicity.  This is further worsened if a slot is not allowed to contain both SBFD and non-SBFD OFDM symbols since any of the OFDM symbols containing SSB would prevent the entire slot from being configured as SBFD.  This would significantly limit the useability of SBFD.

Observation 23: If SSB is not allowed in SBFD OFDM symbols, the slots available for SBFD are significantly reduced especially for an SSB burst set occupying 5 ms and with a short periodicity, such as 5 ms or 10 ms.  This limitation is further worsened if SBFD and non-SBFD OFDM symbols are not allowed in a slot. 


In the agreement and also noted in the Feature Lead Summary [6], if SSB in SBFD OFDM symbols is not allowed then there is an issue in aligning the periodicities of the SSB and semi-static SBFD subband time location configuration.  Such alignment may require additional specification complexity and would likely reduce the flexibility of the gNB in configuring SSB and/or SBFD subband time locations.

Observation 24: If SSB in SBFD OFDM symbols is not allowed, then overcoming the misalignment between the periodicities of the SSB and semi-static SBFD subband time location may lead to additional specification complexity and reduced flexibility in gNB configurations for SSB and/or SBFD subband time location.


Hence given the issues in not allowing SSB in SBFD OFDM symbols, we therefore propose that SSB in SBFD OFDM symbols are allowed:

Proposal 21: Support SSB in SBFD OFDM symbols.


Two main issues were raised regarding SSB operation in SBFD OFDM symbols:

· Since a TDD UE is half duplex, it cannot transmit in a UL subband and receive/measure SSB in the DL subband at the same time.
· SSB in SBFD OFDM symbols may suffer from inter subband CLI which would make the measurements inaccurate.


2.8.1 Simultaneous SSB reception/measurement and UL transmission
It was argued in [5] that since SSB is used for measurement by the UE, the gNB may not be able to schedule UL transmissions in UL subband of OFDM symbols containing SSB (in the DL subband) since the UE cannot transmit UL transmissions and measure SSB at the same time.  However, it is noted in [7] that SSB measurements are typically performed for initial access and cell reselection where the UE is unlikely to perform UL transmission whilst measuring the SSB.  Hence it is unlikely or very rare that the UE would need to transmit in the UL and measure SSB in the DL in an RRC Connected Mode.

Observation 25: Since SSB is used for initial access and cell reselection, the UE is unlikely to perform UL transmission and SSB measurements during RRC Connected Mode.


If the SSB measurements in Connected Mode are deemed to be often, then we can allow some UL transmission to occur, such as CG-PUSCH and High L1 priority UL transmissions.

Since the UE may or may not use a CG-PUSCH Transmission Occasion for actual UL transmission, the gNB will have to blind decode for a potential CG-PUSCH transmission.  This behaviour does not need to be changed at the gNB, as regardless of whether the UE decides to receive/measure the SSB or not, the gNB will still have to blind decode for the CG-PUSCH in an UL subband that overlaps in OFDM symbols that overlap with the SSB.

Observation 26: Since the gNB has to blind decode for CG-PUSCH, the gNB behaviour is not changed for CG-PUSCH in SBFD OFDM symbols that overlaps with the SSB, regardless of whether the UE receives/measures the SSB or not.


High L1 priority UL transmission is defined in Rel-16 to enable URLLC packets to be transmitted with low latency and high reliability.  One of the objectives of SBFD is to reduce latency and hence we should allow High L1 priority UL transmission to have higher priority over SSB reception/measurement in SBFD OFDM symbols that overlap with the SSB.

Observation 27: High L1 priority UL transmissions have low latency and therefore should have higher priority over reception/measurement of SSB in SBFD OFDM symbols that overlap the SSB.

Proposal 22: At least allow CG-PUSCH and High L1 priority UL transmissions to be transmitted in SBFD OFDM symbols that overlap with SSB.


2.8.2 Inter subband CLI in SSB
SSB in SBFD OFDM symbols may suffer from inter subband CLI which may impact the UE measurements [8].  Inter subband CLI into SSB can be reduced by moving the frequency location of the SSB and UL subband further away in the frequency domain from each other.  Alternatively, some of the RBs in the UL subband can be disabled to provide additional frequency separation between any UL transmissions and the SSB.  An example is shown Figure 17, where the SSB overlaps with SBFD OFDM symbols and here, some of the RBs in the UL subband are disabled for SBFD OFDM symbols that overlap with the SSB to provide additional frequency separation to reduce inter subband CLI.
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[bookmark: _Ref134551971]Figure 17: Disabled RBs in UL subband overlapping SSB

Proposal 23: Reduce inter subband CLI to SSB in SBFD OFDM symbols by disabling some of the RBs in the UL subband in OFDM symbols that overlap with the SSB


If the disabled RBs in the UL subband is insufficient to make the inter subband negligible, the SSB measurements may be inconsistent since it is possible that some SSBs in an SSB burst set may be in SBFD OFDM symbols whilst others are in non-SBFD OFDM symbols.  An example is shown in Figure 18, showing an SSB burst set containing SSB#1, SSB#2, SSB#3 and SSB#4 where SSB#1 is in non-SBFD OFDM symbols whilst SSB#2, SSB#3 and SSB#4 are in SBFD OFDM symbols.  SSB#2 may provide the best beam but due to CLI from the UL subband, it may have an SS-RSRP or SS-RSRQ that is lower than SSB#1 which does not suffer from CLI.  This may lead to the UE selecting a sub-optimal SSB beam.  It is also possible that an SSB in an SSB burst set period is in a non-SBFD OFDM symbol and the same SSB in another SSB burst set period is in a SBFD OFDM symbol.  That is, SSBs in SBFD and non-SBFD may lead to inconsistent SSB measurements due to inter subband CLI. 
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[bookmark: _Ref131697542]Figure 18: SSBs in an SSB burst set in SBFD and non-SBFD OFDM symbols

Observation 28: An SSB burst set containing SSBs that are in SBFD and non-SBFD OFDM symbols, and/or the same SSB that in different periods is in SBFD and non-SBFD OFDM symbols, may lead to inconsistent SSB measurements since some SSBs suffer from inter subband CLI whilst others do not suffer from such CLI.


One way to provide consistent SSB measurements and allow some SSBs to be in SBFD OFDM symbols and others in non-SBFD OFDM symbols is to apply an offset SBFD to SSB measurements in SBFD OFDM symbols to compensate for the inter subband CLI.  For example, in Figure 18, the UE applies an offset SBFD to RSRP or RSRQ measurements from SSB#2, SSB#3 and SSB#4 that are in SBFD OFDM symbols, which would factor out the inter subband CLI from these and be consistent with the RSRP or RSRQ measurement from SSB#1.  The offset SBFD can be indicated in the SIBs.


Proposal 24: For operations where SSBs can reside in SBFD and non-SBFD OFDM symbols, apply an offset SBFD to measurements for SSBs in SBFD OFDM symbols.


2.9 Measurements
In HD-TDD operation with dynamic/flexible TDD, SRS-RSRP and CLI-RSSI measurements were introduced to manage inter-cell CLI.  The SRS-RSRP and CLI-RSSI measurements are performed over the entire BWP, which reflects the operations of HD-TDD since the entire bandwidth is used for either UL or DL only and therefore CLI is likely to affect the entire BWP.  However, for inter subband CLI in SBFD, CLI is caused by transmitter leakage and receiver selectivity and so the CLI is non-uniform, i.e., CLI is stronger at the edge of the subband that is adjacent to another subband and weaker for RBs that are further away from an adjacent subband.  Since inter subband CLI affects a victim subband non-uniformly, CLI measurements for SBFD should reflect this so that the gNB knows which part of a subband suffers the most or least CLI.

Observation 29: Since in SBFD, inter subband CLI is non-uniform across the victim subband, the CLI measurement reports should take this aspect into account.


One way to take into account the non-uniform CLI in a victim subband is to have finer frequency granularity on the measurements.  Here we divide the victim subband into multiple measurement Subband Blocks, SB Blocks, and the UE performs measurements such as SRS-RSRP or CLI-RSSI on each of these blocks and reports them.  An example is shown in Figure 19, where the victim subband is the DL Subband and four measurement SB Blocks are equally distributed over the DL Subband, labelled as B1, B2, B3 and B4.  A victim UE can be configured to measure SRS signal power transmitted by an aggressor UE.  By having finer granularity, the gNB can determine the severity of the CLI in SB Block B1 compared to other SB Blocks and schedule accordingly.  In contrast, if the gNB only has the measurement for the BWP, and if the gNB schedules a PDSCH that occupies only a fraction of the DL Subband, e.g. a PDSCH within frequencies f3 to f4, the gNB will have to guess the CLI severity around frequency f3 to f4, which may lead to a PDSCH with MCS that is overly pessimistic or optimistic being scheduled.  The size, i.e., frequency granularity, of the SB Block can be configurable.

[image: ]
[bookmark: _Ref110872501]Figure 19: Measurement Subband Blocks


Proposal 25: Support finer frequency granularity for CLI measurement and reporting, by dividing the BWP or the victim subband into smaller frequency blocks, where CLI measurement and reporting are performed on each frequency block.


The CLI measurements, i.e., SRS-RSRP & CLI-RSSI, introduced in Rel-16 are performed at the RRC level.  We expect the inter subband CLI to change dynamically at the rate of the gNB’s physical layer scheduling.  Hence the legacy CLI RRC level measurement reporting is too slow to react to the dynamic changes in CLI due to physical layer scheduling.  It is therefore beneficial that CLI measurements are performed and reported at the physical layer.

Proposal 26: CLI measurements are performed and reported at the physical layer.


3. Conclusion
In this contribution, we discuss some considerations on SBFD, and we observe the following:
Observation 1: DL performance degrades significantly with losses of 21% to 28% Mean DL UPT in semi-statically configured SBFD compared with legacy TDD due to the gNB inability to dynamically allocate UL resources in SBFD slots for DL transmissions.

Observation 2: The flexibility in configuring Slot Format at OFDM symbol level in Rel-15 should be maintained also for SBFD configurations.

Observation 3:  Allowing SBFD and non-SBFD OFDM symbols in a slot avoids legacy CORESETs, PDCCH Search Spaces and SSB from colliding with an intended UL subband by configuring them in DL only OFDM symbols in a slot whilst the remaining OFDM symbols in the slot are configured as SBFD.

Observation 4: For the {DUD}, subband configuration, FDRA Type 1 cannot schedule a PDSCH to occupy both DL subbands since it only allocates contiguous sets of RBs for a PDSCH.

Observation 5: For the {DUD} subband configuration, FDRA Type 0 can be used to schedule a PDSCH to occupy RBs in both DL subbands.  However, since RBG is the unit of allocation, FDRA Type 0 has a coarser frequency granularity compared to FDRA Type 1 and if the finer RBG granularity (i.e. RBG Configuration#1) is used, then FDRA Type 1 consumes more DCI bits compared to FDRA Type 0.

Observation 6: FDRA Type 0 is not supported in Fallback DCI (Format 1_0).

Observation 7: The Mirror Image FDRA is applicable regardless of whether the subband configuration is transparent or known to the UE.

Observation 8: If the subband configuration is semi-statically signalled to the UE, a smaller FDRA bit size can be used in the DL Grant since the FDRA needs only to address the number of RBs in one of the DL subbands rather than the entire BWP.

Observation 9: Restricting transmissions/receptions that cross SBFD & non-SBFD slots to only SBFD symbols or non-SBFD symbols would increase latency and restrict the gNB scheduler, which defeats the purpose of SBFD.
Observation 10: Legacy transmissions/receptions that span multiple slots are not restricted to UL only OFDM symbols or DL only OFDM symbols.  Hence, transmissions/receptions that cross multiple slots should not be restricted to only SBFD OFDM symbols or only non-SBFD OFDM symbols.
Observation 11: Frequency hopping in UL subband with small bandwidth may not be feasible if the PUSCH/PUCCH consumes most of the UL subband or may not provide any gain.

Observation 12: Whether frequency hopping is enabled or disabled in UL subbands depends on the bandwidth size of the UL subbands. 

Observation 13: Dropping a repetitive transmission or a periodic transmission (e.g. CG-PUSCH or SPS) that collides with a subband with the opposite link direction may degrade the performance significantly if the collision occurs often. 

Observation 14: Since a UE is limited to 3 CORESETs per BWP, over-configuring the number of CORESETs such that separate CORESETs are used for SBFD and non-SBFD slots may hit the limit and may not be feasible for cases where 3 CORESETs are already used for legacy services.

Observation 15: A CORESET with interleaved CCE colliding with a UL subband and/or guard subband, may impact more CCEs thereby affecting more PDCCH candidates than a CORESET with non-interleaved CCE in the same collision.

Observation 16: For the scenario (Scenario 1) where a transmission crosses SBFD and non-SBFD OFDM symbols in a slot but the transmission remains in RBs of the same link direction, configurations for transiting between SBFD and non-SBFD OFDM symbols are not required if the transmission uses a single transmission parameter and configuration at the UE and gNB.

Observation 17: For the scenario (Scenario 2) where a transmission is interrupted when it crosses SBFD and non-SBFD OFDM symbols in a slot due to collisions with RBs of the opposite link direction or guardband, the mechanism for Rel-16 PUSCH repetition Type B can be used, where the interrupted transmission is segmented into multiple actual transmissions.

Observation 18: DL & UL messages for the same UE may collide in SBFD slots and a mechanism is required to resolve such collisions.

Observation 19: Inter subband CLI is non-uniform across a subband, where it is stronger for RBs in a subband that are closer to an adjacent subband compared to RBs that are further away from the adjacent subband.

Observation 20: Since DL & UL transmissions for a UE may occur within an SBFD slot and it is impossible to predict well in advance when the DL & UL transmissions would end and start, it is not feasible to use semi-static flexible OFDM symbols as a guard period for DL to UL switching between an SBFD slot and within an SBFD slot.

Observation 21: For SBFD operation, the guard period for DL to UL switching needs to be dynamically provided.

Observation 22: Setting NTA,offset = 0 for UL transmission in SBFD slots may lead to insufficient time gap for UL to DL switching, that is, the time gap, at the UE, between the end of an UL transmission and the start of a DL reception is less than NTX-RX.

Observation 23: If SSB is not allowed in SBFD OFDM symbols, the slots available for SBFD are significantly reduced especially for an SSB burst set occupying 5 ms and with a short periodicity, such as 5 ms or 10 ms.  This limitation is further worsened if SBFD and non-SBFD OFDM symbols are not allowed in a slot. 

Observation 24: If SSB in SBFD OFDM symbols is not allowed, then overcoming the misalignment between the periodicities of the SSB and semi-static SBFD subband time location may lead to additional specification complexity and reduced flexibility in gNB configurations for SSB and/or SBFD subband time location.

Observation 25: Since SSB is used for initial access and cell reselection, the UE is unlikely to perform UL transmission and SSB measurements during RRC Connected Mode.

Observation 26: Since the gNB has to blind decode for CG-PUSCH, the gNB behaviour is not changed for CG-PUSCH in SBFD OFDM symbols that overlaps with the SSB, regardless of whether the UE receives/measures the SSB or not.

Observation 27: High L1 priority UL transmissions have low latency and therefore should have higher priority over reception/measurement of SSB in SBFD OFDM symbols that overlap the SSB.

Observation 28: An SSB burst set containing SSBs that are in SBFD and non-SBFD OFDM symbols, and/or the same SSB that in different periods is in SBFD and non-SBFD OFDM symbols, may lead to inconsistent SSB measurements since some SSBs suffer from inter subband CLI whilst others do not suffer from such CLI.

Observation 29: Since in SBFD, inter subband CLI is non-uniform across the victim subband, the CLI measurement reports should take this aspect into account.


We therefore propose the following:
Proposal 1: Support dynamic configuration of SBFD locations.

Proposal 2: The SBFD formats can be configured in the SIBs, and the SBFD formats can be further configured using UE dedicated RRC signaling.

Proposal 3: Use reserved indices in the SFI, i.e., indices 56-254, to dynamically indicate SBFD formats.

Proposal 4: For SBFD-aware UEs operating in OFDM symbols configured as DL in in TDD-UL-DL-ConfigCommon, DL receptions outside semi-statically configured DL subband(s) are allowed (i.e. Option 2).

Proposal 5: For SBFD-aware UEs operating in OFDM symbols configured as DL in in TDD-UL-DL-ConfigCommon, DL receptions outside semi-statically configured DL subband(s) and UL transmissions outside the semi-statically configured UL subbands are allowed (i.e. Option 3).

Proposal 6: Support SBFD and non-SBFD OFDM symbols in a slot.

Proposal 7: Consider using a Mirror Image FDRA, where the DL Grant indicates a 1st set of RBs and a 2nd set of RBs is determined by reflecting the 1st set of RBs across the middle of the BWP.  The scheduled PDSCH occupies the 1st set and the 2nd sets of RBs.  The Mirror Image FDRA can be enabled or disabled in the DL Grant.

Proposal 8: For a transmissions/receptions across SBFD & non-SBFD slots, the transmissions/receptions can be in SBFD OFDM symbols and non-SBFD OFDM symbols (Option 2).
Proposal 9: For a UE configured with frequency hopping for a PUSCH/PUCCH, the UE performs frequency hopping in SBFD slots if the bandwidth size of the UL subband is larger than a configured threshold and if there is resource available for the second hop, otherwise the UE disables frequency hopping in the SBFD slot.

Proposal 10: A repetitive transmission or a transmission of a CG-PUSCH or SPS that collides with a subband with the opposite link direction can be remapped to a different frequency location by shifting it by a known frequency offset.

Proposal 11: The CCEs of a CORESET that collides with a UL subband and/or guard subband are dropped and the Aggregation Levels (AL) of PDCCH candidates with these colliding CCEs are reduced to the nearest valid AL.

Proposal 12: A CORESET with interleaved CCE that collides with a UL subband and/or guard subband is changed to a CORESET with non-interleaved CCE to minimise the number of impacted CCE and impacted PDCCH candidates in the CORESET.

Proposal 13: Transmission across SBFD and non-SBFD OFDM symbols in a slot is allowed.

Proposal 14: For transmission across SBFD and non-SBFD OFDM symbols in the same slot that occurs entirely in RBs of the same link direction, the transmission uses the same transmission parameters and configurations.

Proposal 15: For transmission across SBFD and non-SBFD OFDM symbols in the same slot that have interruptions due to collisions with RBs of the opposite link direction or guardband, reuse the segmentation mechanism from Rel-16 PUSCH repetition Type B.

Proposal 16: If DL & UL messages collide in an SBFD slot, the UE prioritises the dynamically scheduled transmission over the semi-statically configured resources (e.g. PDCCH Search Space, SPS, CG-PUSCH).

Proposal 17: Support non-uniform MCS in a PDSCH and PUSCH so that RBs of a PDSCH/PUSCH that are closer to an adjacent subband uses more robust MCS compared to RBs that are further away from an adjacent subband.

Proposal 18: Support non-uniform power control in a PUSCH so that RBs closer to an adjacent subband are transmitted with lower power compared to RBs further away from the adjacent subband.

Proposal 19: In SBFD operation, when a DL transmission collides with an UL transmission in an UL subband in a UE due to the need to perform timing advance for the UL transmission, whether the guard period is created by puncturing the last one or more OFDM symbols of the DL transmission or the first one or more OFDM symbols of the UL transmission can be determined based on some rules, such as the L1 priority of the transmission and whether the OFDM symbols contain DMRS.

Proposal 20: Add a time alignment offset TUL to the overall timing advance TTA for UL transmission in SBFD slots, where TUL is selected such that the 2nd or higher OFDM symbol of the UL transmission aligns with a potential DL interferer at the gNB and also provides at least NTX-RX s at the UE between the end of an UL transmission and the start of a DL reception for UL to DL switching.

Proposal 21: Support SSB in SBFD OFDM symbols.

Proposal 22: At least allow CG-PUSCH and High L1 priority UL transmissions to be transmitted in SBFD OFDM symbols that overlap with SSB.

Proposal 23: Reduce inter subband CLI to SSB in SBFD OFDM symbols by disabling some of the RBs in the UL subband in OFDM symbols that overlap with the SSB
Proposal 24: For operations where SSBs can reside in SBFD and non-SBFD OFDM symbols, apply an offset SBFD to measurements for SSBs in SBFD OFDM symbols.

Proposal 25: Support finer frequency granularity for CLI measurement and reporting, by dividing the BWP or the victim subband into smaller frequency blocks, where CLI measurement and reporting are performed on each frequency block.

Proposal 26: CLI measurements are performed and reported at the physical layer.
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