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1	Introduction
[bookmark: _Hlk99031139]In this paper we treat the highlighted parts of following SID objective:· Study the subband non-overlapping full duplex and potential enhancements on dynamic/flexible TDD (RAN1, RAN4).
· Identify possible schemes and evaluate their feasibility and performances (RAN1).
· Study the performance of the identified schemes as well as the impact on legacy operation assuming their co-existence in co-channel and adjacent channels (RAN1).



Based on this objective, we discuss SBFD solutions and their impact on legacy operation. It is expected that when SBFD is deployed, both legacy UEs and SBFD aware UEs would co-exist in the same cell for the foreseeable future. Hence, it is important to study how SBFD can be deployed in a way that would satisfy both of the following goals jointly:
1. Enable benefits for SBFD aware UEs in terms of improved UL coverage and/or improved UL latency, and
2. Allow legacy UEs to operate in a cell where SBFD is deployed in a transparent manner.
We discuss various aspects of a baseline SBFD solution that satisfies these goals jointly. We focus mainly on the configuration and operation of a serving cell with SBFD from both the perspective of legacy UEs and SBFD aware UEs.
[bookmark: _Ref178064866]Regarding the “feasibility” part of the above objective, we note that the following conclusion was made in RAN1#112:Conclusion
Regarding the feasibility analysis of SBFD, RAN1 focus on feasibility analysis from performance perspective, specification perspective and impact on legacy operation perspective. The study on implementation feasibility is up to RAN4.


Based on this RAN4 will study implementation feasibility which includes RF aspects. The focus of RAN1 feasibility evaluation will be from the following perspectives:
· Performance perspective (treated in Agenda Item 9.3.1)
· Specification perspective
· Impact on legacy operation perspective
The latter two points are to be treated in this Agenda Item 9.3.2.
2	SBFD Solutions Including Impact to Legacy Operation
It is expected that when subband full duplex (SBFD) is deployed, both legacy UEs and SBFD aware UEs would co-exist in the same cell for the foreseeable future. Hence, it is important to study how SBFD can be deployed in a way that would satisfy both of the following goals jointly:
1. Enable benefits for SBFD capable UEs in terms of improved UL coverage and/or improved UL latency
· For convenience of presentation, we refer to "SBFD aware UEs" as "Rel-18+ UEs" where the ‘+’ indicates that normative work on SBFD may occur in a later release.
2. Allow legacy UEs (Rel-17 and prior) to operate in a cell where SBFD is deployed without mandating that new Rel-18+ features related to SBFD are implemented in the UE.
[bookmark: _Toc115367975][bookmark: _Toc115441865][bookmark: _Toc115448156]In this part of this paper, we discuss various aspects of a baseline SBFD solution that satisfies these goals jointly. We focus on configuration and operation of a serving cell with SBFD from both a Rel-18+ and legacy UE perspective. In the discussion we assume that the baseline solution comprises Alt-4 described in the below agreements. Indeed, Alt-4 was agreed as baseline in RAN1#110bis-e. Hence legacy UEs should operate according to existing specifications, and new UE behaviors can be introduced for Rel-18+ UEs. In this paper we discuss such new UE behaviors, especially in the area of resource allocation. [bookmark: _Hlk115357585]Agreement
Study the following alternatives with Alt 4 prioritized, for SBFD operation at least for RRC_CONNECTED state.
· SBFD operation Alt 1:
· Time and frequency locations of subbands for SBFD operation are not known to UEs. 
· UE behaviors follow existing specifications without introducing new UE behaviors for SBFD operation at gNB side.
· SBFD operation Alt 2:
· Time and frequency locations of subbands for SBFD operation are not known to UEs. 
· UE behaviors for non-SBFD aware UEs follow existing specifications.
· From RAN1 perspective, new UE behaviors can be introduced for SBFD aware UEs
· SBFD operation Alt 3:
· Only time location of subbands for SBFD operation is known to SBFD aware UEs. 
· UE behaviors for non-SBFD aware UEs follow existing specifications.
· From RAN1 perspective, new UE behaviors can be introduced for SBFD aware UEs based on the time location of subbands for SBFD operation 
· SBFD operation Alt 4:
· Both time and frequency locations of subbands for SBFD operation are known to SBFD aware UEs. 
· UE behaviors for non-SBFD aware UEs follow existing specifications.
· From RAN1 perspective, new UE behaviors can be introduced for SBFD aware UEs based on the time and frequency locations of subbands for SBFD operation.
UE capability discussion is held in work item phase.

Agreement
For SBFD operation at least for RRC_CONNECTED state, it is agreed that SBFD operation Alt 4 is the baseline.
· SBFD operation Alt 4:
· Both time and frequency locations of subbands for SBFD operation are known to SBFD aware UEs. 
· UE behaviors for non-SBFD aware UEs follow existing specifications.
· From RAN1 perspective, new UE behaviors can be introduced for SBFD aware UEs based on the time and frequency locations of subbands for SBFD operation.



Throughout this paper, we assume that an UL subband can be configured in symbols indicated as 'D' or ‘F’ by TDD-UL-DL-ConfigCommon, e.g., with frequency domain pattern D-U-D. We do not consider configuration of a DL subband in symbols indicated as ‘U’. The rationale is the following:
· The premise for SBFD operation is that it enables improved UL coverage and/or latency by enabling more UL opportunities compared to the baseline time domain TDD pattern. Hence, it is not motivated to configure symbols configured as 'U' by TDD-UL-DL-ConfigCommon for SBFD operation, e.g., with frequency domain pattern U-D-U.
· SBFD operation in symbols configured as 'U' by TDD-UL-DL-ConfigCommon can create strong gNB-gNB cross-link interference to a legacy (static TDD) gNB configured with the same baseline time domain TDD pattern, hence such a configuration should be avoided.
[bookmark: _Toc134802266]Do not support SBFD operation in symbols configured as 'U' by TDD-UL-DL-ConfigCommon.
2.1	Carrier and BWP Configuration
With the above baseline SBFD solution in mind, we note the following prior agreements relating to carrier configuration. 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.

Agreement
For indication of subband locations for SBFD operation, study semi-static configuration of subband time and frequency location as baseline.

Agreement
For semi-static configuration of subband location, consider same subband frequency resources across different SBFD symbols as baseline.

Agreement
For semi-static configuration of subband time locations for SBFD operation, it is agreed that explicit configuration of SBFD subband time locations within a period is the baseline.

Agreement
For semi-static configuration of subband frequency locations for SBFD operation, at least explicit indication of frequency location of UL subband is required.
· FFS: Whether frequency location of other subbands types is explicitly indicated or implicitly determined.


These agreements say that semi-static configuration of the subband time and frequency locations is the baseline, and that the subband configuration across different SBFD symbols is the same. Furthermore, subband time locations are configured within a period, and explicit configuration of the frequency location of at least the UL subband is required. We first discuss the case of an UL subband in symbols configured as 'D' by TDD-UL-DL-ConfigCommon. We view this as the baseline, since configuration of symbols with a pre-defined direction is the norm for most, if not all commercial TDD deployments. Following this, we discuss the case of an UL subband in symbols configured as 'F' by TDD-UL-DL-ConfigCommon.
2.1.1	UL Subband in Symbols Configured as 'D' by TDD-UL-DL-ConfigCommon
Figure 1 illustrates a carrier configured for SBFD operation viewed from a system perspective, e.g., with time domain pattern D-D-D-D-U indicated by TDD-UL-DL-ConfigCommon.
[bookmark: _Hlk101959466][image: ]
[bookmark: _Ref101799559]Figure 1: Time/frequency domain pattern for SBFD from a system perspective where an UL subband is configured in symbols configured as ‘D’ by TDD-UL-DL-ConfigCommon.
From a UE perspective, a 'D' slot in the above time domain pattern would appear as shown in Figure 2. A legacy UE would see the slot as configured for DL reception only, but the gNB would need to avoid scheduling/configuring DL transmission in the middle RBs for this UE. A legacy UE would be unaware that these RBs can be used for UL by Rel-18+ UEs. This puts constraints on the configuration and scheduling of DL for legacy UEs, e.g., some signals/channels need to be scheduled/configured in only one of the 'D' subbands if non-contiguous frequency domain resource allocation (FDRA) is not supported.
[image: ]
[bookmark: _Ref130916126]Figure 2: Time/frequency domain pattern from a UE perspective (legacy and Rel-18+ UEs) within one of the 'D' slots.
For Rel-18+ UEs, the UE understands that a 'D' slot in the above pattern can be used for either DL reception or UL transmission (but not simultaneously). While the gNB would still need to avoid scheduling/configuring DL in the middle RBs like for legacy UEs, new behavior for certain signals/channels can be specified for making use of both 'D' subbands through enhancements to the FDRA procedures.
For Rel-18+ UEs, i.e., UEs that are SBFD-aware, the following agreement regarding ‘D’ symbols was made in RAN1#111:
RAN1#111 Agreement
For a SBFD aware UE semi-statically configured with UL subband in a SBFD symbol configured as DL in TDD-UL-DL-ConfigCommon, the following is agreed as baseline in the RAN1 study:
· 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
· The frequency location of DL subband(s) can be explicitly indicated or implicitly derived
· DL receptions within DL subband(s) are allowed in the symbol
· Note: UL transmissions are within active UL BWP and DL receptions are within active DL BWP in the symbol


For example, in a ‘D’ symbol configured with an UL subband, this symbol can only be used as D-U-D (or D-U, if configured that way). In other words, the direction of each subband is semi-static, and cannot be changed without an RRC re-configuration.
However, in RAN1#112, the following agreement was made to continue studying whether a symbol configured as ‘D’ with an UL subband can be used as DL-only, i.e., whether DL receptions outside the semi-statically configured DL subband(s) are allowed. This is referred to as Option 2 in this agreement. Option 1 is the same as the above agreement which should be the baseline for SBFD.RAN1#112 Agreement
For dynamic SBFD,
· For SBFD-aware UEs, further study whether DL receptions outside semi-statically configured DL subband(s) are allowed or not in a symbol configured as DL in TDD-UL-DL-ConfigCommon based on the following options:
· 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 
· [Omitted text, not relevant to DL symbols]
Dynamic SBFD should be compared with dynamic TDD and/or semi-static SBFD in terms of performance, implementation complexity, switching latency.
For each option, additional conditions may apply to determine whether the option is applicable.



The performance of both Options 1 and 2 will be analyzed in the next section since they are functionally equivalent to Options 1 and 2 for the case of a symbol configured as ‘F’ in TDD-UL-DL-ConfigCommon.
2.1.2	UL Subband in Symbols Configured as 'F' by TDD-UL-DL-ConfigCommon
In prior meetings, there has been a lot of discussion about allowing an UL subband to be configured in symbols configured as 'F' in TDD-UL-DL-ConfigCommon, e.g., as shown in Figure 3.

[image: ]
[bookmark: _Ref130916192]Figure 3: Time/frequency domain pattern for SBFD from a system perspective where an UL subband is configured in symbols configured as ‘F’ by TDD-UL-DL-ConfigCommon.
The motivation for this is so that legacy UEs (those that actually support ‘F’ symbols) can be scheduled/configured UL in an SBFD symbols, at least within the RBs occupied by the UL subband indicated to Rel-18+ UEs. This can be done in a transparent manner, i.e., the legacy UEs do not need to be aware that an UL subband is configured for Rel-18+ UEs.
[image: ]
Figure 4: Time/frequency domain pattern from a UE perspective (legacy and Rel-18+ UEs) within one of the 'F' slots.
The following agreement was made in RAN1#111 regarding SBFD operation in symbols configured as ‘F’ and lists two alternatives for further studyRAN1 #111 Agreement (updated in RAN1#112bis-e)
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




Then in RAN1#112 a quite similar agreement was made with different option numbering and removal of the FFSs:RAN1#112 Agreement
For dynamic SBFD,
· [Omitted text, not relevant to flexible symbols]
· For SBFD-aware UEs, further study whether DL receptions outside semi-statically configured DL subband(s) and UL transmissions outside semi-statically configured UL subband are allowed or not in the symbol configured as flexible in TDD-UL-DL-ConfigCommon based on the following options:
· 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
Dynamic SBFD should be compared with dynamic TDD and/or semi-static SBFD in terms of performance, implementation complexity, switching latency.
For each option, additional conditions may apply to determine whether the option is applicable.


Option 1 is equivalent to Alt-1 (minus the FFS). Furthermore, it is harmonized to Option 1 in the RAN1#111 agreement shown in the previous section for symbols configured as ‘D’ by TDD-UL-DL-ConfigCommon. What Option 1 offers in ‘F’ symbols compared to ‘D’ symbols is that not only Rel-18+ (SBFD aware) UEs can be scheduled in an UL subband; legacy UEs can be scheduled UL in the UL resources too. This offers legacy UEs more UL opportunities since the symbol is configured as ‘F’ and can be dynamically indicated as ‘U’ for those UEs. 
We have a preference that Option 1 is the baseline, due to the harmonized operation with ‘D’ symbols. We think that Options 2 and 3 are complicated. Moreover, as we will show through evaluation later in this section it does not appear to bring benefits compared to operating the system in a dynamic TDD fashion, i.e., without subbands.
[bookmark: _Ref127301026][bookmark: _Toc134802267]RAN1 to conclude that Option 1 in the RAN1#112 agreement is the baseline, and Options 2 and 3 are not further pursued.
In Options 2 and 3, DL receptions outside the DL subband(s) (i.e., within the UL subband) is allowed. However, we think that this defies the principle of configuring an UL subband in the first place. If an UL subband is configured, then it should be used only for UL transmissions. This is the same principle as configuring a symbol as either 'D' or 'U' in TDD-UL-DL-ConfigCommon and TDD-UL-DL-ConfigDedicated. Such symbols are only used for downlink or only used for uplink, respectively. If it is desired to use the UL subband for DL, then the symbol can always be re-configured semi-statically as 'D', i.e., without an UL subband. Alternatively, if it is desired to have the flexibility to determine the direction dynamically (as in dynamic TDD), then the symbol can be configured as 'F' using existing specifications. In fact, below we show that there is very little advantage in allowing DL receptions outside the DL subband(s) and/or UL transmission outside the UL subband.
Options 2 and 3 lead to dynamic operation, and because of this we call it “dynamic SBFD” as in the RAN1#112 agreement (dSBFD for short). According to the agreement, the gNB can dynamically select between the following three ‘modes’ for a symbol configured as ‘F’ depending on which option is considered
a. Mixed direction, i.e., SBFD operation with D-U-D configuration
b. Full DL, i.e., DL-only
c. Full UL, i.e., UL-only

Some companies have proposed Options 2 or 3 with the motivation that a static partition of the carrier into ‘D’ and ‘U’ subbands can lead to unused resources depending on the traffic pattern, particularly in the DL. The hope is that by allowing a symbol to be more flexible, this wastage can be avoided. However, as we will show, this kind of dynamic operation can be very well supported through already existing mechanisms, i.e., dynamic TDD (dTDD), which dynamically selects between b. and c. only. As we show below, the ability to also dynamically select a mixed direction slot, i.e., a., does not bring tangible benefits on top of dTDD in terms of performance.
To demonstrate this, we evaluate the following five systems, all with a protected UL-only slot as the 5th slot in the pattern that is free of CLI. This is to ensure that essential UL control channels carrying HARQ-ACK for operation of the DL can be reliably detected.
· Baseline: Static TDD (sTDD)
· Fixed D-D-D-D-U pattern
· Static subband full duplex (SBFD (Option 1))
· X-X-X-X-U pattern where X = mixed direction slot with D-U-D configuration (mode a. only)
· Dynamic SBFD (dSBFD, Option 2) 
· Dynamic selection between modes a. and b. in the first four slots
· Selection performed per slot based on available traffic in the buffers
· This is Option 2 in the RAN1#112 agreement which allows DL receptions outside the DL subband(s)
· Dynamic SBFD (dSBFD, Option 3)
· Dynamic selection between modes a., b., and c. in first four slots
· Selection performed per slot based on available traffic in the buffers
· This is Option 3 in the above agreement which allows both DL receptions outside the DL subband(s) and UL transmissions outside the UL subband
· Dynamic TDD (dTDD)
· Dynamic selection between modes b. and c. in first four slots
· Selection performed per slot based on available traffic in the buffers
· No subbands are configured

We consider a simplified, yet illustrative, scenario in which no guard symbols are configured, and no symbols are reserved as ‘D’ for the DL control channel (PDCCH) for scheduling both DL and UL traffic channels. These simplifications demonstrate the theoretical potential of dynamic operation (dSBFD Options 2/3 and dTDD). Our primary interest is to determine the relative performance differences between these dynamic modes of operation, so in that sense, the simplifying assumptions do not matter.
We first evaluate the Urban Macro (UMa) scenario with single operator (Case 1) – please see Appendix A.1 for more details on the simulation assumptions. For the sTDD and SBFD systems (static systems), all sectors of all sites have the same pattern. In contrast, for dSBFD Options 2/3 and dTDD (dynamic systems), there is no co-ordination of patterns between sectors/sites other than the protected UL slot which is used in all sectors/sites. 
Figure 5 shows the cell-edge (5th percentile) user throughput obtained from system simulation of all 5 systems at 3 load levels: low, medium, and high. This metric is important since it illustrates whether or not UL coverage improvement can be obtained for a given system compared to the baseline static TDD system.
 [image: ] [image: ]
[bookmark: _Ref127296955]Figure 5: Cell-edge user throughput (DL and UL) in Urban Macro (UMa) scenario for Dynamic SBFD (Options 2 and 3) vs. Dynamic TDD
In our evaluations, we find that at low load it is rare that there is both DL and UL traffic in the buffers of the scheduled user at the same time. Hence, for the dynamic systems (dSBFD Options 2/3 and dTDD), the scheduler most often chooses the transmission direction as ‘D’ or ‘U’. As the load increases, however, it is more likely that there is DL and UL traffic in the buffers simultaneously. Hence, for the dynamic systems, the scheduler needs to make a decision on which direction to impose on the slot. For dTDD ‘D’ is chosen if there is simultaneous DL and UL traffic. The reason for this is that UL transmission in the flexible slots is very often inefficient due to CLI from neighboring cells, while DL transmission is more robust against CLI. Therefore, such scheduling strategy gives better system performance both in the DL and in the UL. For dSBFD Options 2/3, it is natural to choose the slot as mixed direction (D-U-D). Additionally, we find that at medium and high load most of the UL traffic is steered to the protected UL-only slot (5th slot in the pattern). This is due to worsening gNB-gNB CLI in the first 4 slots as the load increases making the UL SINR poor in these slots in contrast to the “clean” protected slot.
We make the following observations from the cell-edge throughput results in Figure 5:
· Low load
· DL Performance
· The dynamic systems, dSBFD Options 2/3 and dTDD. all offer improved DL throughput compared to (static) SBFD, but still perform no better than the baseline static TDD. This was the motivation for some companies for investigating dSBFD as a way to avoid a loss in DL performance that occurs for static SBFD due to a static partition of resources where the UL resources may go wasted if there is DL traffic, but no UL traffic to serve. Clearly, the intended goal is achieved in the DL; however, dynamic TDD still outperforms dSBFD Options 2/3.
· UL Performance
· The dynamic systems, dSBFD Options 2/3 and dTDD, do not perform as well in the UL as (static) SBFD due to less controlled gNB-gNB CLI which negatively affects the first 4 slots. Despite this, all 4 systems perform better than the baseline static TDD system, illustrating a coverage benefit. We note that some of the gain for SBFD (red bar) compared to static TDD (blue bar) is due to the fact that the SBFD has a larger percentage of UL resources in the 5 slot period. 
· While dSBFD Options 2/3 have the ability to select a mixed direction (D-U-D) in addition to selecting D (Option 2) or between D and U (Option 3), it can be seen that this ability brings little benefit; dTDD performs almost as well as dSBFD in the UL. The reason for this is that at low load it is rare that there is both DL and UL traffic in the buffers of the scheduled user at the same time; hence it is sufficient to select only between U and D directions as is done in the dTDD system.
· Medium/High Load
· DL Performance
· dTDD achieves the same performance as the baseline static TDD system due to the fact that most of the UL traffic is “steered” to the protected UL only slot, and the first 4 slots effectively become DL-only slots most of the time. In other words the “effective” pattern is most often the same as the D-D-D-D-U static TDD pattern.
· In contrast, both SBFD and dSBFD Options 2/3 exhibit significant losses compare to the baseline static TDD system due to a deficiency in DL resources since the first 4 slots effectively become mixed direction D-U-D slots. dSBFD achieves roughly the same performance as (static) SBFD since the two systems end up having the same “effective” pattern most of the time.
· UL Performance
· Since most of the UL traffic is “steered” to the protected UL-only slot, all systems end up with roughly the same performance in the UL

To obtain additional insight, Figure 6 shows the median (50th percentile) user throughput. Similar performance trends as described above occur, except that for the UL at low load, the dynamic systems (dSBFD Options 2/3 and dTDD) have less loss vs. (static) SBFD than for the cell-edge users. This is because the gNB-gNB CLI is less dominant for users achieving the median (50th percentile) throughput compared to the cell-edge users.	
 [image: ] [image: ] 
[bookmark: _Ref127296964]Figure 6: Median user throughput (DL and UL) in Urban Macro (UMa) scenario for Dynamic SBFD (Options 2 and 3) vs. Dynamic TDD
We also evaluate the Indoor Hotspot (InH) scenario and the results for cell-edge and median user throughput are shown in Figure 7 and Figure 8, respectively. Evidently, the DL performance for all systems is very similar to the UMa scenario in terms of both cell edge and median user throughput. However, in the UL, dSBFD Option 3 (full UL symbol allowed) performs much better than in the UMa scenario. This is mainly due to less gNB-gNB CLI. But still, dTDD performs almost as well or better than dSBFD Option 2 and 3 in all cases.
 [image: ] [image: ] 
[bookmark: _Ref130997769]Figure 7: Cell-edge user throughput (DL and UL) in Indoor Hotspot (InH) scenario for Dynamic SBFD (Options 2 and 3) vs. Dynamic TDD
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[bookmark: _Ref130997792]Figure 8: Median user throughput (DL and UL) in Indoor Hotspot (InH) scenario for Dynamic SBFD (Options 2 and 3) vs. Dynamic TDD

In summary, we make the following observation
[bookmark: _Toc134802255]Dynamic SBFD (dSBFD) Options 2 and 3 do not offer a performance advantage compared to the considerably simpler Dynamic TDD (dTDD) system.
For this reason we think that it is not necessary to further pursue Options 2 and 3 in the RAN1#112 agreement as we state in Proposal 2. If one wants to operate a system in a dynamic fashion, then conventional  dynamic TDD is sufficient. There is no need to incur the additional complexity from dynamic SBFD.
As a final note, we observe that Option 1 for both ‘D’ and ‘F’ symbols from the RAN1#112 agreement, map to Option 1 in the following agreement from RAN1#109. Hence we see no need to further pursue Options 2, 3, and 4.
[bookmark: _Toc134802268]RAN1 to conclude that Options 2, 3, and 4 in the RAN1#109 agreement are no longer pursued.Agreement
For SBFD operation Alt 4, for an SBFD aware UE configured with an UL subband in an SBFD symbol, study the following options:
· Option 1: The SBFD aware UE does not expect to be scheduled with UL transmission outside the UL subband or to be scheduled with DL reception within the UL subband in the SBFD symbol
· Option 2: The SBFD aware UE does not expect to be scheduled with UL transmission outside the UL subband and may be scheduled with DL reception within the UL subband in the SBFD symbol
· Option 3: The SBFD aware UE does not expect to be scheduled with DL reception within the UL subband and may be scheduled with UL transmission outside the UL subband in the SBFD symbol
· Option 4: The SBFD aware UE may be scheduled with UL transmission outside the UL subband or DL reception within the UL subband in the SBFD symbol


2.1.3 Configuration of Subband Time Locations
We note that Figure 1 is in-line with the prior agreement that says that subband time locations are semi-statically configured within a period. In our view it is natural that the period is defined by the parameter dl-UL-Transmissionperiodicity within the TDD-UL-DL-ConfigCommon IE:
TDD-UL-DL-ConfigCommon ::=          SEQUENCE {
    referenceSubcarrierSpacing          SubcarrierSpacing,
    pattern1                            TDD-UL-DL-Pattern,
    pattern2                            TDD-UL-DL-Pattern                             OPTIONAL, -- Need R
    ...
}

TDD-UL-DL-Pattern ::=               SEQUENCE {
    dl-UL-TransmissionPeriodicity       ENUMERATED {ms0p5, ms0p625, ms1, ms1p25, ms2, ms2p5, ms5, ms10},
    nrofDownlinkSlots                   INTEGER (0..maxNrofSlots),
    nrofDownlinkSymbols                 INTEGER (0..maxNrofSymbols-1),
    nrofUplinkSlots                     INTEGER (0..maxNrofSlots),
    nrofUplinkSymbols                   INTEGER (0..maxNrofSymbols-1),
    ...,
    [[
    dl-UL-TransmissionPeriodicity-v1530     ENUMERATED {ms3, ms4}                      OPTIONAL -- Need R
    ]]
}

Assuming 30 kHz SCS, for example, the period Figure 1 is 2.5 ms, i.e., dl-UL-Transmissionperiodicity = ms2p5.
[bookmark: _Ref118294415][bookmark: _Toc134802269]For semi-static configuration of SBFD subband time locations within a period, the periodicity is configured by the existing DL-UL transmission periodicity parameter defined in TDD-UL-DL-ConfigCommon
According to prior agreements, explicit indication of the frequency location of at least the UL subband is required. Such configuration is only needed for Rel-18+ UEs, and this can be handled by introducing new signaling to indicate frequency domain (FD) information. The signaling can be cell-common, since the most common mode of operation would be that the subband locations are the same for all UEs. If there is a need to have slightly different guardband sizes for different UEs, then dedicated signaling could be introduced to indicate the frequency domain information. This could be new signaling or enhancement of existing signaling, e.g., extension of TDD-DL-UL-ConfigDedicated.
Another aspect of subband time locations is whether or not transitions between SBFD symbols and non-SBFD symbols shall be aligned with slot boundaries. In other words, can a slot contain both SBFD and non-SBFD symbols? See Figure 9 for two examples. The following conclusion on this issue was made in RAN1#112bis-e.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.


[image: ]
[bookmark: _Ref131012701]Figure 9: Examples where a slot consists of SBFD and non-SBFD symbols
The above conclusion points toward allowing a SBFD-to-non-SBFD transition or vice versa within a slot; however, it also says that frequent transitions within a TDD UL/DL cycle is undesirable from a complexity point of view. This is because when a SBFD symbol and a non-SBFD symbol follow each other, several hardware configurations/operations need to change/activate/deactivate. For instance, the gNB transmitter may need to reconfigure/change the filter for DL transmissions to protect the UL subband when a non-SBFD symbol transition into a SBFD symbol. The gNB receiver filters will also need to reconfigure/change when a SBFD symbol transition into a non-SBFD UL symbol. Similarly, advanced SBFD aware UEs may also change its digital filters for receiving DL transmission to suppress UE-to-UE CLI from other SBFD UL transmissions when a non-SBFD DL symbol transition into a SBFD symbol. 
In practice, additional guard symbols will need to be added for such transitions to allow the hardware reconfigurations to activate/deactivate and stabilize. Hence, large numbers of such SBFD/non-SBFD symbol transitions will incur significant radio resource losses from the required guard symbols. It is unlikely to be justified. Therefore, a key question addressed in the above conclusion is what limitations should there be on the number of non-SBFD-to-SBFD and/or SBFD-to-non-SBFD transitions is supported in a TDD UL/DL cycle.
In Rel-17, TDD-UL-DL-ConfigCommon can be configured with two periods, and in each period, one DL-to-UL and one UL-to-DL transition are supported. We think that in order to keep complexity to a reasonable level as well as to keep the guard overhead low, the maximum number of transitions from SBFD-to-non-SBFD symbols and vice versa within a period should have a similar limitation as for UL-to-DL and vice versa in Rel-17. 
[bookmark: _Toc134802270]Within each of the two possible periods of a TDD UL/DL cycle, support a maximum of one transition to SBFD symbols and one transition to non-SBFD symbols.
Even if a slot is configured with transition between SBFD and non-SBFD symbols, it is a separate discussion on whether or not a particular signal/channel can be mapped across such a transition. The following agreement was made in RAN1#112bis-e on this topic which includes quite a long list of potential issues to consider: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. 


As discussed above, during the transition between non-SBFD and SBFD symbols, the gNB and possibly also the UE may change/activate/deactivate several hardware configurations/operations. It is unlikely to guarantee signal continuity across such hardware/operation changes. For instance, if channel estimation is done on the DMRS located in the non-SBFD portion of a PDSCH, correct demodulation of the SBFD portion of the PDSCH may not be achievable. One potential remedy may be to use independent DMRSs for the non-SBFD portion and the SBFD portion of the PDSCH. The drawback is then low channel estimation quality since averaging/interpolation between these DMRSs cannot be performed. Furthermore, a CDM group cannot straddle over both non-SBFD and SBFD symbols, either. Based on these observations, as well as the other issues that seem complicated to address, we think an appropriate way forward is to simply not allow a signal/channel within a slot to be mapped across a SBFD/non-SBFD symbol transition. 
[bookmark: _Toc134802271]A transmission/reception occasion of a physical channel/signal within a slot cannot be mapped to both SBFD and non-SBFD symbols.
2.1.4 Configuration of Subband Frequency Locations
One approach for indicating the FD information for Rel-18+ UEs is to introduce the notion of RB sets with guard bands in between to allow for filter rolloff at the gNB and/or UE. Such RB sets and guardbands are very similar to what was specified in Rel-16 for NR-U (see 38.214 Clause 7); however, more flexibility is needed to adjust the size of the RB sets for SBFD operation. Figure 10 shows two options for achieving such configuration. In Option 1, the starting RB and number of RBs is provided for each RB set as well as the transmission direction 'D' or 'U'. The guardband sizes can be implicitly determined as whatever RBs are not indicated to be part of an RB set. In Option 2, it is recognized that it is only necessary to indicate the size and position of the 'U' RB set and the size of the guardbands. The remaining RBs are then implicitly determined to be 'D' RB sets. These two options are captured in the following agreement from RAN1#112bis-e: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).


According to the agreement, both options are viable, which is true. However, Option 1 where the DL subbands are explicitly configured may have some advantages when it comes to spec writing, e.g., 38.213 Section 11 where UE behavior related to slot format is specified. It may be advantageous to have explicit definitions of UL and DL subbands. We think reusing the RB set concept from Rel-16 can be a good starting point for discussion. 
[bookmark: _Toc134802272]Support Option 1 in the RAN1#112bis-e agreement on DL subband configuration. Within an SBFD symbol, a single UL subband and one or two DL subband(s) are explicitly configured as RB sets each with configurable size/location within a carrier.
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[bookmark: _Ref101858763]Figure 10: Options for RB set and guard band configuration in SBFD symbols.
Figure 11 shows an example where TDD-UL-DL-ConfigCommon configures the time domain pattern for all UEs as D-D-D-D-U with 2 symbol guard for DL-UL transition. The diagram also illustrates the indication of the frequency domain pattern (RB sets) for Rel-18+ UEs.
[image: ]
[bookmark: _Ref101867608]Figure 11: Exemplary carrier configuration in which TDD-UL-DL-ConfigCommon configures the underlying time domain pattern for all UEs, and new/extended signaling configures the frequency domain pattern (RB sets) for Rel-18+ UEs within the 'D' slots/symbols.
2.1.5	Dynamic Indication of UL Subband Size / Frequency Location
We do not see a motivation for dynamic indication of the UL subband size and/or frequency location since this is something decided at deployment time, or at most would be something that would be updated on a slow basis if deployment conditions change. 
From base station implementation point of view, dynamic indication is undesirable since it would imply frequent re-configuration of analog filters with different passband bandwidths which is not attractive from an implementation point of view. Depending on the transmit power class of the gNB, such analog filters are needed in SBFD symbols to suppress the DL subbands in order to avoid saturating the LNA and/or ADC in the UL receive chain of the gNB. If the UL subband size or frequency location is changed, then a different analog filter is needed. This is problematic considering modern gNB architectures that are required to handle multiple bands and multiple carriers within a band where SBFD can be configured on an arbitrary combination of carriers. The number of switchable analog filters becomes prohibitive, and is not even feasible in particular receiver architectures that are used increasingly in the industry, e.g., direct RF sampling receivers.
From UE implementation point of view, dynamic indication is equally undesirable or infeasible. As discussed in Section 2.4 below, many UL physical signal transmissions (for example PUCCH frequency hopping) have strong dependence on knowing the UL subband size. As the Rel-15 NR latency discussion and the difficulty of supporting out-of-order UL transmissions revealed, it takes time for the UE to prepare the UL PDU and UL physical signals. It is unrealistic to interrupt UE preparation of UL signals if a new subband size/frequency location is dynamically signaled from the network.
[bookmark: _Toc108694443][bookmark: _Toc108694514][bookmark: _Toc108694963][bookmark: _Toc108781425][bookmark: _Toc110949051][bookmark: _Toc110950501][bookmark: _Toc110950513][bookmark: _Toc110956360][bookmark: _Toc111212061][bookmark: _Toc115367978][bookmark: _Toc115441868][bookmark: _Toc115448159][bookmark: _Toc134802273]Dynamic indication of the size and/or frequency location of the UL subband in SBFD symbols is not supported.
2.1.6	BWP Configuration
In RAN1#110bis-e, the following agreement was made regarding BWP configurationAgreement
For SBFD operation within a TDD carrier, it is agreed that SBFD scheme within a single configured DL and UL BWP pair with aligned center frequencies is the baseline.


We support this agreement since it is in-line with current specifications and seems sufficient for SBFD operation. Further, we don't believe that there is a need to further discuss potentially misaligned center frequencies as it doesn't seem to bring any benefits and would likely negatively impact UE complexity.
[bookmark: _Toc115367979][bookmark: _Toc115441870][bookmark: _Toc115448161][bookmark: _Toc134802274]For new (Rel-18+) UEs supporting SBFD operation within a TDD carrier, do not support misaligned center frequencies between DL and UL BWPs.
2.2	UL/DL Time Alignment Aspects
In NR, the UE determines the total timing advance (TA) value from the sum of (1) a UE-specific timing advance command (absolute or relative), and (2) a cell-specific timing offset defined as . For the case of a TDD carrier in FR1 (not co-existing with LTE), the default value of  is defined in Table 7.1.2-2 in 38.133 as 25,600. Using  defined in 38.211, the resulting cell-specific timing offset is approximately 13 µs. Comparing this to the OFDM symbol duration for 30 kHz SCS, the offset is roughly 1/3 of an OFDM symbol. Since the UE-specific TA is meant to compensate for the two-way propagation delay from gNB-to-UE, the UL and DL frame timing observed at the gNB ends up being misaligned by the cell-specific offset . The purpose of this misalignment is to facilitate a time gap for the gNB when switching from receiving UL to transmitting DL. This timing relationship is illustrated in Figure 12.
[image: ]
[bookmark: _Ref101809858][bookmark: _Ref127385731]Figure 12: UL/DL timing from gNB perspective showing misalignment by . The UL receiver FFT window is assumed to be placed 1/2 way through CP.
In legacy NR operation, the gNB does not transmit and receive at the same time, hence the timing misalignment does not affect UL performance. However, for SBFD operation where the gNB simultaneously transmits and receives, the UL-DL timing misalignment can have an impact, depending on the scenario. Several companies have raised this issue in prior meetings in both RAN1 and RAN4 (e.g., [4], [5], [6], [7], [8]). Furthermore, the following conclusion was drawn in RAN1#112bis-e:
The effect is summarized as follows. Since the timing offset is a significant fraction of the OFDM symbol (roughly 1/3 for 30 kHz SCS), and since the UL receiver FFT window is typically placed somewhere near the midpoint of the CP to give margin for delay spread, the Rx FFT window ends up spanning the boundary between two OFDM symbols of the simultaneous DL transmission (see illustration in Figure 12). Since the simultaneous DL transmission leaks into the UL receiver (self-interference), the UL Rx FFT window ends up capturing the discontinuity, causing a spectrum re-growth effect.
This is illustrated by the red curve in Figure 13 which shows the self-interference power in the Rx FFT window for the case of timing misalignment by 13 µs. The reference blue curve is for the case of no misalignment where the Rx FFT window does not cross a symbol boundary. In this graph, we consider the case of no transmit side impairments, i.e., a perfectly linear PA in the transmitter. Clearly the misalignment creates a dramatic rise in interference received in the 20 MHz UL subband between the two 40 MHz DL subbands compared to the case of no misalignment. This is consistent with the conclusion drawn in RAN1#112bis-e: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
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[bookmark: _Ref127387882]Figure 13: Power in Rx FFT window with no Tx impairments and no UL subband selection filter
A similar evaluation is performed in [8] demonstrating the effect of timing misalignment leading to elevated interference in the UL subband. Based on the intuition that timing misalignment causes such a degradation, several companies have suggested studying schemes whereby the UE alters its behavior such that it applies zero cell-specific timing offset during SBFD slots, i.e., it assumes , and then applies the legacy timing offset, e.g., , during legacy UL-only slots. It goes without saying that such altered behavior would only be possible for Rel-18+ UEs. If an UL subband is configured in symbols indicated as ‘F’ by TDD-UL-DL-ConfigCommon, thus allowing legacy UEs to be scheduled in the UL subband of these symbols, then the UL reception for such UEs could be compromised by the elevated self-interference if the gNB schedules simultaneous DL (to another UE) in these symbols. 
Setting aside the legacy UE issue for now, it is important to further study whether there is merit to using the adaptive  scheme described above. To this end, we have done further evaluations to investigate the impact of misalignment when two practical aspects are considered. The first aspect is appropriate modeling transmit impairments due to residual non-linearities in the transmit chain. The second aspect is modeling of a UL subband selection filter used in the gNB receive chain which acts to suppress the interference from the DL subbands. Such filtering may occur in the analog domain, or the digital domain prior to the FFT, or both. These two practical effects are listed as FFS items in the above conclusion from RAN1#112bis-e.
In Figure 14 we show the power of the self-interference in the Rx FFT window in the presence of Tx side impairments that modify the spectrum of the DL transmit signal. The impairments are captured by modelling of the net effect of crest factor reduction (CFR) + digital pre-distortion (DPD) + non-linear power amplifier (PA) used in each transmit chain. We describe this net effect model in in Section 2.1 of our companion contribution [1]. The key aspect is that the net effect of CFR, DPD, and PA results in adjacent channel leakage levels that satisfy the RAN4 requirement of 45 dB ACLR. In contrast to Figure 13, one can see a very much reduced gap (now only 10-15 dB) between the red curve (misalignment case) and the reference blue curve (no misalignment) within the 20 MHz UL subband. Clearly the Tx side impairments partially mask the misalignment effect.
[image: ]
[bookmark: _Ref127389759]Figure 14: Power in Rx FFT window with Tx impairments, but no UL subband selection filter
Finally, in Figure 15, we show the power of the self-interference in the Rx FFT window in the presence of both Tx side impairments and an UL subband selection filter. The power spectra in this figure have been smoothened using a sliding average of 12 subcarriers to make the comparatively small differences between curves clearer. The UL subband filter has a passband roughly equal to the UL subband bandwidth with a stop band attenuation of 25 dB that partially suppresses the DL subbands. Compared to Figure 14, one can see a very much reduced gap (now 1 dB on average) between the red curve (misalignment case) and the reference blue curve (no misalignment). Clearly the combined effect of Tx side impairments and UL subband selection filter come very close to fully masking the misalignment effect.
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[bookmark: _Ref127390775]Figure 15: Power in Rx FFT window with Tx impairments and with UL subband selection filter 

Based on the above discussion and results we observe the following:
[bookmark: _Toc134802256]When impairments in the gNB transmit chains and filtering of DL subbands in the gNB Rx chains are considered, the increase in interference due to misaligned timing between UL reception and DL transmission at the gNB can be quite small. This may demotivate adopting mitigating strategies such as configuring UEs with zero  NTA,offset during SBFD symbols.
2.3	DL Signals and Channels
In this section we discuss configuration/scheduling of DL signals and channels for both legacy and Rel-18+ UEs. We discuss CONNECTED and IDLE modes separately.
2.3.1	IDLE Mode
In the baseline SBFD solution, we assume that in IDLE mode, all UEs (legacy and Rel-18+) are not aware that certain slots/symbols are used for SBFD operation. Such information is only made available to Rel-18+ UEs by dedicated signaling once the UE enters CONNECTED mode.
[bookmark: _Toc108694444][bookmark: _Toc108694515][bookmark: _Toc108694964][bookmark: _Toc108781426][bookmark: _Toc110949052][bookmark: _Toc110950502][bookmark: _Toc110950514][bookmark: _Toc110956361][bookmark: _Toc111212062][bookmark: _Toc115367980][bookmark: _Toc115441871][bookmark: _Toc115448162][bookmark: _Toc134802275]UEs in IDLE mode are not aware of whether or not symbols/slots are used for SBFD operation.
We now analyze the feasibility of this proposal. During initial access, the UE receives the following signals/channels, all of which are restricted in current specifications to have contiguous frequency domain resource allocation (FDRA):
· SS/PBCH Block
· PDCCH in Type0-CSS
· RMSI PDSCH
Hence, in an SBFD system, the gNB must ensure that these signals "fit" within one of the 'D' subbands in SBFD slots/symbols. This puts a constraint on the maximum size of the 'U' subband for a given carrier bandwidth. The constraint is determined by investigating the bandwidth requirements of CORESET0 for various configurations. Here we analyse the maximum size of the 'U' RB set under the following assumptions:
· Symmetric D-U-D allocation ('D' subbands have equal bandwidth)
· Same subcarrier spacing for SS/PBCH block and CORESET0
· 15 or 30 kHz SCS for FR1
· 120 kHz SCS for FR2
· Guard bands between RB sets
· FR1: 10/5 RBs for 15/30 kHz SCS
· FR2: 3 RBs for 120 kHz SCS
Table 1 shows the maximum size of the UL RB set as a percentage of the total number of RBs in the transmission bandwidth under the constraint that both SSB and CORESET0 must fit into one of the 'D' subbands. The table can be summarized as follows, where "feasible" means that the maximum UL allocation corresponds to greater than 20% of the total number RBs:
· FR1 with 15 kHz SCS:
· 40 MHz channel bandwidth is sufficient for feasibility of 24 and 48 RB CORESET0, but not 96 RB
· FR1 with 30 kHz SCS:
· At least 100 MHz channel bandwidth is required for feasibility of 48 RB CORESET0
· 40 MHz bandwidth is sufficient for feasibility of 24 RB CORESET0
· FR2 with 120 kHz SCS:
· At least 200 MHz channel bandwidth is required for feasibility of both 48 and 24 RB CORESET0
· For 48 RB CORESET0 with Mux Pattern 1, the UL subband can be no larger than about 20%
· At least 400 MHz channel bandwidth is required for feasibility of 48 RB CORESET0 + Mux Pattern 2
[bookmark: _Ref110947361]Table 1: Maximum % of RBs that can be configured for 'U' RB set for FR1 and FR2
	Frequency Range
	SCS
	Channel BW
	Transmission BW (RBs)
	Mux Pattern
	CORESET0 Size (RBs)
	Maximum UL Allocation

	1
	15 kHz
	40 MHz
	216
	1

	24
	68%

	
	
	
	
	
	48
	45%

	
	
	
	
	
	96
	1%

	
	30 kHz
	40 MHz
	106
	1
	24
	43%

	
	
	
	
	
	48
	0%

	
	
	100 MHz
	273
	1
	24
	78%

	
	
	
	
	
	48
	60%

	2
	120 kHz
	100 MHz
	66
	1
	24
	15%

	
	
	
	
	
	48
	0%

	
	
	
	
	2
	24
	0%

	
	
	
	
	
	48
	0%

	
	
	200 MHz
	132
	1
	24
	58%

	
	
	
	
	
	48
	21%

	
	
	
	
	2
	24
	27%

	
	
	
	
	
	48
	0%

	
	
	400 MHz
	264
	1
	24
	79%

	
	
	
	
	
	48
	61%

	
	
	
	
	2
	24
	64%

	
	
	
	
	
	48
	45%



[bookmark: _Toc110950133][bookmark: _Toc115448147][bookmark: _Toc134802257]For both legacy and new (Rel-18+) UEs in IDLE mode, it is feasible that DL reception  (i.e., during initial access) can occur in only one of the 'D' subbands within SBFD slots/symbols configured as D-U-D. By "feasible," it is meant that assuming a certain minimum channel bandwidth, CORESET0 "fits" within a single 'D' subband in a symmetric D-U-D configuration in either FR1 or FR2. For 48 RB CORESET0, at least 40/100/200 MHz channel bandwidth is required for 15/30/120 kHz SCS.
2.3.2	CONNECTED Mode
2.3.2.1	Frequency Domain Resource Allocation (FDRA)
Legacy UEs
A legacy UE sees the whole carrier bandwidth as either 'D' or 'U' based on the cell-specifically indicated time domain TDD pattern TDD-UL-DL-ConfigCommon. In CONNECTED mode, if the active DL BWP spans the whole carrier, both 'D' subbands can be used for certain DL signals/channels that support non-contiguous frequency domain resource allocation (FDRA). These include the following:
· PDSCH scheduled by DCI 1_1 and DCI 2_1
· DCI 1_1 and DCI 2_1 support Type0 FDRA in which a bitmap indicates the scheduled RBGs which can be non-contiguous
· PDCCH in a search space associated with a CORESET other than CORESET0
· The RRC parameter frequencyDomainResources within a CORESET configuration is a bitmap used to indicate groups of 6 contiguous RBs, and the groups can be non-contiguous
For other signals/channels that support only contiguous FDRA then only one of the two 'D' subbands within the DL BWP can be used for legacy UEs.  These include the following
· SS/PBCH block
· PDSCH scheduled by DCI 1_0
· DCI 1_0 only supports Type1 FDRA in which the start PRB and number of contiguous RBs are indicated
· CSI-RS
[bookmark: _Toc110949044][bookmark: _Toc110950134][bookmark: _Toc115448148][bookmark: _Toc134802258]For legacy UEs in CONNECTED mode, DL reception of some channels may occur within both 'D' RB sets, while reception of others is restricted to a single 'D' RB set.
Rel-18+ UEs
In contrast to legacy UEs, enhancements of signals/channels that do not currently support non-contiguous FDRA is possible for Rel-18+ UEs. Here we discuss FDRA enhancements for CSI-RS and PDSCH. 
CSI-RS
In a previous meeting, the following agreement was made listing several options for FDRA for non-contiguous DL subbands for CSI-RS:Agreement:
Study the frequency resource allocation for CSI-RS across downlink subbands for SBFD-aware UEs considering the following options:
· Option 1: Two contiguous CSI-RS resources that are linked
· Option 2: One CSI-RS resource
· Option 2-1: Non-contiguous CSI-RS resource allocation
· Option 2-2: One contiguous CSI-RS resource allocation with non-contiguous CSI-RS resource derived by excluding frequency resources outside DL subband (s) 


In RAN1#112bis-e, the following conclusion was drawn about the various options: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


Our understanding of the status is that down-selection amongst the options would occur if a WI for SBFD is agreed. However, we still state our preference for the record. In our view, Option 2-1 is advantageous, despite the small impact on RRC overhead. Unlike Option 2-2, it allows for more flexible CSI-RS allocation within each DL subband, i.e., arbitrary start and length within each subband can be supported. We also think this method is preferrable compared to Option 1 since it does not consume additional CSI-RS resources from the UE capability budget.
[bookmark: _Toc134802259]Option 2-1 offers the most flexible CSI-RS resource allocation within the DL subband(s) and does not consume additional CSI-RS resources from the UE capability budget.
CLI-RSSI Measurement Resources
Similar to FDRA for CSI-RS, the following agreements were made relating to configuration of CLI-RSSI measurement resources considering non-contiguous DL subbands. Agreement
Study impact/potential enhancements for UE-to-UE CLI-RSSI measurement/report considering non-contiguous measurement resource in frequency.

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
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

Like for CSI-RS, our understanding of the status is that down-selection amongst the methods would occur if a WI for SBFD is agreed. Again, we state our preference for the record. As can be seen Method #3 requires additional specification effort, and we think that it may not be beneficial. In our view it can be sufficient to use existing tools in the spec. In that sense, we think Method #1 is preferred since it allows either configuration of measurement reporting in one subband or two subbands in case there is some reason to believe that the CLI is different in each subband. In this case, the two measurement resources and two measurement reports would be configured.
[bookmark: _Toc134802260]Method #1 (no specification impact) offers sufficient flexibility for UE-UE CLI measurement and reporting in either one subband or two subbands separately. There is no need to define a non-contiguous CLI-RSSI measurement resource.
PRGs for PDSCH
Even though non-contiguous frequency domain resource allocation is supported for PDSCH in current specifications using Type 0 FDRA, there can still be edge effects where an RBG or PRB partially overlaps a DL subband boundary. The following agreement to support partial RBGs for PDSCH (and PUSCH) was made in RAN1#112bis-e. We note that this is consistent with current specifications where there is explicit support of partial RBGs.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



Similar to partial RBGs, partial PRGs are supported in current NR specs. The precoding granularity can be 2 PRBs, 4 PRBs, or wideband. For 2 or 4 PRBs granularity, the first and the last PRG can be a partial PRG, depending on the size and the starting point of the BWP. There is no restriction on the size of a partial PRG in the exiting NR specs. For instance, the first PRG size is given by . If the BWP starts on an odd index, then the first PRG could be 1 or 3 PRBs if the precoder granularity is not wideband. Support of a partial PRG with as few as one PRB is considered a mandatory capability for existing UEs.
With the addition of DL subbands, one or two extra partial PRGs may occur depending on the exact location of the subband(s), and it was agreed to study this issue in a previous meeting:Agreement
For SBFD-aware UEs, study at least the following issues for PDSCH:
· PRG(s) with size of 2 and 4 that overlaps with subband boundary 
· Wideband precoder in case of non-contiguous DL subbands


This issue was discussed in RAN1#112bis-e, and there seemed to be some concern that support of one or two extra partial PRGs would greatly complicate the channel estimator at the UE side. However, given that support of partial PRGs at the edge of a BWP is a mandatory UE capability already, we fail to see how this can be a major complexity concern. The alternative would be to disallow up to 6 RBs to be used to avoid partial PRGs at the edges of the DL subband(s); however, this seems like an unnecessary waste of DL resources. To avoid loss in DL resources, we propose that partial PRGs should be supported for SBFD aware UEs.
[bookmark: _Toc134802276]For SBFD-aware UEs, it is beneficial to support partial DL PRGs inside the DL subband caused by unaligned boundaries between PRG and SBFD subbands for precoder granularity of 2 and 4 PRBs.
Another issue for study in the above agreement is the case when the precoding granularity is set to ‘wideband’ and the UE is configured with two (non-contiguous) DL subbands. In the current specifications, when ‘wideband’ is configured, the UE does not expect non-contiguous FDRA. It is quite unclear to us why this restriction exists in the specification in the first place. The configuration of ‘wideband’ only affects the assumption that the UE makes when it estimates the channel, i.e., it can assume that the precoding is the same across all allocated resources which allows the UE to perform averaging of the channel across an unrestricted number of PRBs. Whether/how the UE does such averaging is entirely up to UE implementation. The configuration of ‘wideband’ simply indicates that the UE can do averaging over some portion of the allocated RBs if it wants. Typically, a UE would make such a decision based on the coherence BW of the channel. For a non-contiguous frequency domain allocation, such a decision would also account for distributed the resources are. We don’t think the decision on whether or not to average taking into account both coherence bandwidth and resource distribution is a tough one to make. Perhaps the only concern could be the unpredictability of how the RBs are allocated.
However, for the case of SBFD, the frequency location of the DL subbands (and the frequency gap in between) is known in advance. Hence the decision on whether or not to average seems quite simple. In fact, we would expect that a typical UE implementation would not average across the two DL subbands at all since in many cases the channel would lose coherence from one DL subband to the next. Based on this, we think that it should be possible for the gNB to schedule PDSCH for an SBFD-aware UE in both DL subbands and simultaneously indicate ‘wideband’ for the precoding granularity. It would seem far too restrictive to disallow such an allocation, especially since it would not appear to affect UE complexity. Our assumption is that within each DL subband, the FDRA would still be contiguous, hence compliant with current specifications on a per-subband basis.
These issues are captured in the following agreement from RAN1#112bis-e, where Option 2 disallows PDSCH allocation in both DL subbands. As stated above we think this option is too restrictive, and should not be supported.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


In our view, Option 1 should be supported to avoid an unnecessary loss in scheduling flexibility. We observe that if the precoding granularity is set to 2 or 4, then the UE is able to handle non-contiguous allocations, e.g., two non-contiguous DL subbands. Hence we fail to see why configuration of ‘wideband’ should cause a complexity concern, especially since the DL subband allocation is known in advance and is semi-static. Additionally, we note that the channel estimator complexity budget would need to be dimensioned to handle non-contiguous allocation in case precoding granularity 2 or 4 is configured. Furthermore, the two DL subbands together comprise less than the whole channel bandwidth, hence this case would appear to fit within the dimensioned complexity budget. 
Regarding the FFS of Option 1, we think that the following two sub-options can be defined to facilitate further discussion:
· Option 1-1: The UE assumes same precoding across all allocated RBs within a subband. The UE makes no assumption about precoding across two DL subbands
· Option 1-2: The UE assumes same precoding both within and across two DL subbands
Based on this we propose the following:
[bookmark: _Toc134802277]For precoding granularity configured as ‘wideband,’ it is beneficial to support PDSCH allocation to two non-contiguous DL subbands but with contiguous FDRA within each subband (Option 1 in RAN1#112bis-e agreement). The UE assumes same precoding across at least the RBs within a subband. The following two options are further discussed for the UE assumption on precoding across the two DL subbands:
a. [bookmark: _Toc134802278]Option 1-1: The UE assumes same precoding across all allocated RBs within a subband. The UE makes no assumption about precoding across two DL subbands
b. [bookmark: _Toc134802279]Option 1-2: The UE assumes same precoding both within and across two DL subbands
2.3.2.2	Handling of Different Slot Types
In RAN1#112, the following agreement was made regarding handling the case that a signal/channel spans SBFD and non-SBFD symbols in different slots.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)
· Study the following options for SBFD-aware UEs:
· 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
· UL transmissions and DL receptions across SBFD symbols and non-SBFD symbols include the following:
· PDSCH/PUSCH/PUCCH repetitions
· SPS PDSCH/CG PUSCH
· TBoMS
· Multi-PUSCH/PDSCH scheduled by a single DCI
· Periodic/semi-persistent SRS/CSI-RS/PUCCH
· PDCCH


This can happen for any signal/channel that is periodic, e.g. periodic CSI-RS, SPS PDSCH, PDCCH search space monitoring, in the case that the periodicity does not evenly divide or is not an integer multiple of the periodicity of the TDD pattern. For example, for a DXXXU TDD pattern (X indicates SBFD slot) which has a periodicity of 5 slots and periodic CSI-RS with a periodicity of 8 slots, a particular instance of CSI-RS can occur in either a D slot or an X slot. 
In RAN1#112bis-e, the following conclusion was reached on this issue: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.



This conclusion states that Option 1 can be achieved with existing specs simply by gNB implementation. In the above example of periodic DL signals/channels with a DXXXU TDD pattern, the periodicity could be configured as a multiple of 5 instead of 8 to ensure that the signal/channel always occurs in one type of slot. If the associated offset for the periodic signal/channel is configured as 0, the signal/channel would always occur in non-SBFD (D) slots. If the offset is configured as 1, 2, or 3, the signal/channel would always occur in SBFD (X) slots. We also note that if the TDD pattern is XXXXU, then the case of DL transmissions occurring in both SBFD and non-SBFD slots does not occur at all, regardless of the configured periodicity of the DL signal/channel. Based on this discussion, we think that Option 1 is sufficient for DL signals and channels.
[bookmark: _Toc134802280]For DL signals/channels, Option 1 from the RAN1#112 agreement regarding DL receptions across SBFD symbols and non-SBFD symbols in different slots is sufficient, and Option 2 need not be supported.
Potential PDCCH Enhancements
The following agreement was made in RAN1#112bis-e regarding potential PDCCH enhancements to cover the case similar to that discussed in the previous section where a periodically occurring signal/channel can lead to some instances occurring in SBFD slots and others in non SBFD slots. In this case, the periodically occurring signal/channel consists of the monitoring occasions (MOs) of a PDCCH search space. The MOs are periodic, and the time locations are determined by the periodicity, offset, and duration configured for the search space.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



In our view, it is not necessary to support PDCCH enhancements for SBFD operation. First of all, by appropriate configuration of the periodicity, offset, and duration within a search space, it is possible to avoid a situation where the MOs occur in both SBFD and non-SBFD slots. Furthermore, since the current spec supports non-contiguous frequency domain resource allocation for a CORESET, there is significant flexibility to avoid PDCCH overlapping with an UL subband by appropriate configuration of the bitmap  freqDomainResources to ensure that groups of 6 RBs are fully contained within a DL subband. We also note that the current spec supports configuration of multiple search spaces and multiple CORESETs. Hence, by configuration it is possible to have one CORESET/search space combination that is tailored for SBFD symbols and another that is tailored for non-SBFD symbols. We would also like to add that the spec effort needed to make enhancements to PDCCH can be significant. Since the existing spec is already very flexible, our strong preference is to avoid going down the road of PDCCH enhancement to avoid such major spec effort.
[bookmark: _Toc134802261]The existing specifications for CORESET and search space configuration are sufficiently flexible to support SBFD operation. It is not recommended to pursue PDCCH enhancements to cover a (corner) case in which different MOs of the same search space could potentially occur in both SBFD and non-SBFD symbols.
CSI Reporting
Another aspect for handling the case that a signal spans SBFD and non-SBFD symbols in different slots is CSI reporting based on periodic/semi-persistent CSI-RS. This issue is identified for study in the following agreement in RAN1#112:Agreement:
For SBFD-aware UEs, study the following options for CSI report associated with periodic/semi-persistent CSI-RS, at least, across SBFD symbols and non-SBFD symbols in different slots (each CSI-RS resource within a slot has either all SBFD or all non-SBFD symbols):
· Option 1: separate CSI reporting for SBFD symbols and non-SBFD symbols
· Option 2: same CSI reporting for SBFD symbols and non-SBFD symbols


This agreement was further discussed in RAN1#112bis-e, and the following agreement was made expanding and clarifying Options 1 and 2:
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.


As noted in the agreement two of the options (1-1 and 2-2) can be supported with existing specifications. We note that functionality similar to that envisioned by Option 2-1 is currently being discussed in the Rel-18 work item on Network Energy Savings (NES). In this option, the UE reports two different CSI reports are associated with the same CSI-ReportConfig, one for SBFD symbols and another for non-SBFD symbols. In the NES WI, enhancements are also being discussed to allow multiple CSI reports to be associated with a single CSI-ReportConfig.
Based on this observation, we think it is sufficient for SI completion to simply list the above 4 options for CSI reporting in the TR as per the agreement. It is not necessary to further discuss or down select amongst the options during the SI – that can be left for a SBFD WI, if agreed. By then, the Rel-18 NES WI will be complete, and there will be more clarity on what the spec supports with regards to multi-CSI reports.
[bookmark: _Toc134802262]No further discussion is needed on CSI enhancements during the SI. The options agreed in RAN1#112bis-e can be listed in the TR, and further discussion/down-selection can occur in a SBFD WI, if agreed.
2.3.3	SBFD Operation in SSB Symbols
In RAN1#112bis-e the following agreement was made: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.

The agreement lists to options on SBFD operation in SSB symbols. Clearly, Option 1 would not allow SBFD operation in SSB symbols since it disallows configuring an UL subband in symbols that contain an SS/PBCH block. We do not support this option. The consequence of Option 1 is that it would require that the period used for the explicit configuration of SBFD subband time locations (see following agreement) is at least as long as the time duration of the SS/PBCH burst and additionally evenly divides SS/PBCH block burst period (20 ms). This would be needed so that DL-only symbols could always be configured to overlap SS/PBCH symbols. We think this is unnecessarily inflexible, and results in a period that is longer than it needs to be. Agreement
For semi-static configuration of subband time locations for SBFD operation, it is agreed that explicit configuration of SBFD subband time locations within a period is the baseline.


A more flexible and compact approach is to define a period for the subband time locations to be equal to the periodicity parameter dl-UL-TransmiossionPeriodicity defined within the TDD-UL-DL-ConfigCommon IE (see Proposal 4 and related discussion). For example, for a D-D-D-D-U time domain pattern, the periodicity would be 5 slots (2.5 ms / 0.625 ms at 30 / 120 kHz SCS). The consequence of this is that an SS/PBCH block can occur in a symbol configured with an UL subband (in one or more of the ‘D’ slots). This is Option 2 in the above agreement.
[bookmark: _Toc134802281]It is beneficial to support Option 2 in the RAN1#112bis-e agreement on SBFD operation in SSB symbols, i.e., an UL subband can be configured in an SSB symbol. 
The remaining discussion is then whether/when and/or under which conditions an SBFD-aware UE transmits in the UL subband in the symbol or may receive SSB in the symbol. One such condition is related to RRM measurements that the UE performs.
We observe that SS/PBCH blocks are not only used by the UE for various measurements on the serving cell, but also for RRM measurements on neighbor cells. Time domain resources for neighbor cell measurements are configured by so called SMTC windows. In addition, the UE can be configured with a bitmask (ssb-ToMeasure) indicating which SS/PBCH blocks to measure. According to 38.133, scheduling restrictions apply during the time when intra-frequency RRM measurements on SSB occur. These scheduling restrictions imply that the UE is not expected to transmit UL during, and just before/after symbols used for RRM measurements. If ssb-ToMeasure is not provided, the scheduling restrictions apply in the whole SMTC window (max 5ms).
If for example the SS/PBCH blocks are transmitted every 20ms, the number of slots where UL would be prohibited constitutes a considerable amount of time. Taking the worst case above, 5/20 = 25% of the slots would be affected. In addition, the claimed UL latency reductions from SBFD might be significantly reduced if a can UE experience up to 5ms in “UL outage”. In our view these aspects need to be considered when deciding if UL transmission is allowed in SS/PBCH block symbols. Instead of simply allowing/disallowing UL in SS/PBCH block symbols, we think it is preferable to have more configurability when it comes to the UE prioritization between UL transmissions and SS/PBCH block reception to cater to different deployments.
Based on this we propose the following:
[bookmark: _Toc134802282]If SBFD symbol overlaps an SS/PBCH block symbol, a UE shall/shall not transmit in the UL subband of this symbol depending on gNB configuration. Example configurability is to (a) prioritize UL transmissions, or (b) prioritize SS/PBCH block reception.
2.4	UL Signals and Channels
2.4.1	IDLE Mode
In the baseline SBFD solution, we assume that in IDLE mode, all UEs (legacy and Rel-18+) are not aware that certain slots/symbols are configured for SBFD operation. Such information is only made available to Rel-18+ UEs by dedicated signaling once the UE enters CONNECTED mode. Hence during initial access, UL transmissions by all UEs (legacy and Rel-18+) would occur within the UL-only slot(s) indicated by TDD-UL-DL-ConfigCommon. These transmissions include
· [bookmark: _Hlk110947455]PRACH
· Msg3 PUSCH
· Cell-specifically configured PUCCH

[bookmark: _Toc110949054][bookmark: _Toc110950136][bookmark: _Toc115448150][bookmark: _Toc134802263]For both legacy and new (Rel-18+) UEs in IDLE mode, UL transmissions (i.e., during initial access) should occur only within UL-only slots.
2.4.2	CONNECTED Mode
2.4.2.1	Frequency Domain Resource Allocation
Legacy UEs
A legacy UE in CONNECTED mode is not aware that certain slots/symbols are configured for SBFD operation, same as for IDLE mode. Such a UE sees the whole carrier bandwidth as either 'D', 'U', or ‘F’. Hence legacy UEs can be configured/scheduled in symbols configured as ‘U’ or ‘F’ by TDD-UL-DL-ConfigCommon. If an UL subband is configured in an ‘F’ symbol, the gNB will restrict the configuration/scheduling to only the UL subband; however, the UE does not need to be aware of this. Such UL transmissions can be configured/scheduled as per current specifications without changes. These signals include
· CG- and DG-PUSCH
· PUCCH resources configured by dedicated signaling
· SRS
· PRACH
In contrast to the DL where there is a need to restrict certain signals to only a single subband, no such constraints exist for legacy signals/channels where in both cases mentioned above, UL resources are inherently contiguous.
[bookmark: _Toc110949055][bookmark: _Toc110950137][bookmark: _Toc115448151][bookmark: _Toc134802264]For legacy UEs in CONNECTED mode, UL transmissions can occur in symbols configured as ‘U’ or ‘F’ by TDD-UL-DL-ConfigCommon as per current specifications without changes.
Rel-18+ UEs
In CONNECTED mode, a Rel-18+ UE can be configured/scheduled UL transmissions in SBFD slots and/or UL-only slots as shown in Figure 12, where in both cases the frequency domain resources are contiguous.
[image: ]
Figure 16: Available RBs for UL transmission within the UL BWP for a Rel-18+ UE
For such UEs, the following agreement and conclusion were made regarding the case where UL transmissions of the same physical signal/channel can occur in SBFD symbols and non-SBFD symbols in different slots: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)
· Study the following options for SBFD-aware UEs:
· 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
· UL transmissions and DL receptions across SBFD symbols and non-SBFD symbols include the following:
· PDSCH/PUSCH/PUCCH repetitions
· SPS PDSCH/CG PUSCH
· TBoMS
· Multi-PUSCH/PDSCH scheduled by a single DCI
· Periodic/semi-persistent SRS/CSI-RS/PUCCH
· PDCCH

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.

An important scenario where this can happen is PUSCH or PUCCH is configured with repetition. For example, for a XXXXU TDD pattern, PUSCH or PUCCH could be configured with 5 repetitions, such that the first 4 repetitions occur in SBFD (X) slots and the last repetition occurs in a non-SBFD (U) slot. Option 2 in the above agreement would allow such a configuration, whereas Option 1 would not. In our view, supporting Option 2 is thus beneficial since it allows more flexibility in achieving coverage enhancement which is one of the chief goals of SBFD. Practically speaking, repetition across SBFD and non-SBFD slots would most probably preclude the use of joint channel estimation due to phase continuity issues. However, at least the case of repetition without joint channel estimation should not pose problems. 
[bookmark: _Toc134802283]For PUSCH/PUCCH repetition without joint channel estimation, it is beneficial to support Option 2 from the RAN1#112 agreement regarding UL transmissions across SBFD symbols and non-SBFD symbols in different slots, i.e., the UL transmissions can be in SBFD symbols in a slot and non-SBFD symbols in another slot.
A consequence of Option 2 is that frequency domain resource allocation for PUSCH/PUCCH with repetition can benefit from enhancement, particularly if frequency hopping is configured. Several options for enhancement are listed in the following agreement from RAN1#112bis-e, and Option 1-3 is relevant for frequency hopping.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.


Below we elaborate on Option 1-3 for the case of PUSCH/PUCCH with repetition across SBFD and non-SBFD slots. In general, however, we think that FDRA details are better left for discussion in an SBFD WI if agreed. For the purposes of SI completion, it is sufficient to list the options for further consideration in a WI as in the above agreement.
[bookmark: _Toc134802284]Further discussion for FDRA determination for signals/channels occurring in both SBFD and non-SBFD slots can be left to WI phase.

Frequency Hopping Enhancements for PUCCH/PUSCH
Figure 17 shows an example of PUCCH repetition with  repetitions in combination with inter-slot frequency hopping. A 5-slot TDD UL/DL pattern is assumed in which the first 4 slots consist of SBFD symbols, and the 5th slot consists of UL-only symbols. Hence the multi-slot PUCCH spans two cycles of the TDD UL/DL pattern. According to the current specifications, the first and second hop PRB indices are configured by the RRC parameters startingPRB and secondHopPRB which are valid for UL-only slots. The example shows hopping from one edge of the BWP to the other. Since the UL subband spans only a portion of the UL BWP, a mechanism is needed to indicate the PRB indices for the 1st and 2nd hops within SBFD slots. One simple mechanism could be to configure an RB offset relative to startingPRB and secondHopPRB to ensure that the frequency hopping is contained within the UL subband during SBFD slots.
[image: ]
[bookmark: _Ref110957494]Figure 17: Example of a multi-slot PUCCH transmission spanning both SBFD and UL-only slots configured with frequency hopping and  repetitions.

Figure 18 shows an example of PUSCH with repetition Type A with 10 repetitions. For UL-only slots, the FDRA field in the scheduling DCI indicates both a number of contiguous RBs with starting PRB index  near the lower end of the BWP, and a frequency hopping offset  for inter-slot frequency hopping such that the 2nd hop starting PRB index is near the upper end of the BWP. Just like for PUCCH, a mechanism is needed to indicate the starting PRB indices for the 1st and 2nd hops within SBFD slots. It would be undesirable from a coverage perspective to add a 2nd FDRA field to DCI for the SBFD slots. Hence, a more practical approach could be to re-interpret the bits in the existing FDRA field. For example, the bits of the FDRA field could be interpreted for UL-only slots with respect to the start of the UL BWP (as in the current spec), and then re-interpreted in SBFD slots in such a way that they are relative to the start of the UL subband. If frequency hopping is configured, the pre-configured list of RB offsets ( values) could be extended or a 2nd list defined such that the existing 1 or 2 bits in DCI used to indicate the RB offset could do so for both UL-only and SBFD slots.
[image: ]
[bookmark: _Ref110959027]Figure 18: Example of a multi-slot PUSCH transmission spanning both SBFD and UL-only slots configured with inter-slot frequency hopping and 10 repetitions.
Based on the above discussion, we think it is beneficial to support enhancements to frequency hopping indication for both PUSCH and PUCCH configured with repetitions that span both SBFD and UL-only slots.
[bookmark: _Toc110956363][bookmark: _Toc111212064][bookmark: _Toc115367982][bookmark: _Toc115441873][bookmark: _Toc115448164][bookmark: _Toc110949046][bookmark: _Toc110950138][bookmark: _Toc134802285]For new (Rel-18+) UEs in CONNECTED mode, it is beneficial to support enhancements to frequency  hopping mechanisms for PUSCH and PUCCH configured with repetition in order to allow repetitions to occur in both SBFD and UL-only slots, and thus maximize UL coverage gain.
UL Power Control Enhancements
The following agreement was made in RAN1#112 regarding various UL transmissions on SBFD symbols and non-SBFD symbols in different slots. One of the aspects in the agreement is to study whether/how to have separate UL power control parameters for the different slots.Agreement:
Study at least the followings for SRS, PUCCH and PUSCH on SBFD symbols and non-SBFD symbols in different slots:
· Whether/how to have separate resources 
· Whether/how to have separate FH parameters
· Whether/how to have separate UL power control parameters 
· Whether/how to have separate beam/spatial relation 


In Full Duplex systems the interference level during UL reception can differ significantly between SBFD symbols and non-SBFD symbols. There are multiple sources of interference. For non-SBFD symbols interference comes from other UE’s UL transmissions. For SBFD slots, in addition to the interference from other UE’s UL transmissions, there can be interference from gNB transmissions in DL. This interference can be from the same cell (self-interference), from other cells of the same network in the same site location (inter-sector interference) or from other cells in other locations (inter-site interference). In addition, other network’s cells can also generate interference.
In traditional TDD or FDD systems the interference conditions on all symbols are typically similar, thus using the same UL power in all symbols is sufficient in most cases. However, in SBFD systems as discussed above, interference conditions can vary considerably between symbols. It is thus worthwhile to study whether or not there is a need for power control enhancements to be able to handle highly varying interference levels between symbols. One important observation is that the gNB has knowledge of when the additional interference that occurs in SBFD symbols will occur for scheduled/configured UL transmissions.
[bookmark: _Toc134802265]The gNB has knowledge of when the additional interference may occur in SBFD symbols for scheduled/configured UL transmissions, and can thus account for the additional interference in the power control configuration and/or TPC commands that it signals to the UE.
[bookmark: _Toc134802286]For SRS, PUCCH and PUSCH study different UL power adjustment in SBFD vs. non-SBFD symbols. It can be further discussed how to signal this to the UE, e.g., by different configured power control parameters and/or different TPC commands.
Conclusion
In the previous sections we made the following observations: 
Observation 1	Dynamic SBFD (dSBFD) Options 2 and 3 do not offer a performance advantage compared to the considerably simpler Dynamic TDD (dTDD) system.
Observation 2	When impairments in the gNB transmit chains and filtering of DL subbands in the gNB Rx chains are considered, the increase in interference due to misaligned timing between UL reception and DL transmission at the gNB can be quite small. This may demotivat adopting mitigating strategies such as configuring UEs with zero  NTA,offset during SBFD symbols.
Observation 3	For both legacy and new (Rel-18+) UEs in IDLE mode, it is feasible that DL reception  (i.e., during initial access) can occur in only one of the 'D' subbands within SBFD slots/symbols configured as D-U-D. By "feasible," it is meant that assuming a certain minimum channel bandwidth, CORESET0 "fits" within a single 'D' subband in a symmetric D-U-D configuration in either FR1 or FR2. For 48 RB CORESET0, at least 40/100/200 MHz channel bandwidth is required for 15/30/120 kHz SCS.
Observation 4	For legacy UEs in CONNECTED mode, DL reception of some channels may occur within both 'D' RB sets, while reception of others is restricted to a single 'D' RB set.
Observation 5	Option 2-1 offers the most flexible CSI-RS resource allocation within the DL subband(s) and does not consume additional CSI-RS resources from the UE capability budget.
Observation 6	Method #1 (no specification impact) offers sufficient flexibility for UE-UE CLI measurement and reporting in either one subband or two subbands separately. There is no need to define a non-contiguous CLI-RSSI measurement resource.
Observation 7	The existing specifications for CORESET and search space configuration are sufficiently flexible to support SBFD operation. It is not recommended to pursue PDCCH enhancements to cover a (corner) case in which different MOs of the same search space could potentially occur in both SBFD and non-SBFD symbols.
Observation 8	No further discussion is needed on CSI enhancements during the SI. The options agreed in RAN1#112bis-e can be listed in the TR, and further discussion/down-selection can occur in a SBFD WI, if agreed.
Observation 9	For both legacy and new (Rel-18+) UEs in IDLE mode, UL transmissions (i.e., during initial access) should occur only within UL-only slots.
Observation 10	For legacy UEs in CONNECTED mode, UL transmissions can occur in symbols configured as ‘U’ or ‘F’ by TDD-UL-DL-ConfigCommon as per current specifications without changes.
Observation 11	The gNB has knowledge of when the additional interference may occur in SBFD symbols for scheduled/configured UL transmissions, and can thus account for the additional interference in the power control configuration and/or TPC commands that it signals to the UE.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Do not support SBFD operation in symbols configured as 'U' by TDD-UL-DL-ConfigCommon.
Proposal 2	RAN1 to conclude that Option 1 in the RAN1#112 agreement is the baseline, and Options 2 and 3 are not further pursued.
Proposal 3	RAN1 to conclude that Options 2, 3, and 4 in the RAN1#109 agreement are no longer pursued.
Proposal 4	For semi-static configuration of SBFD subband time locations within a period, the periodicity is configured by the existing DL-UL transmission periodicity parameter defined in TDD-UL-DL-ConfigCommon
Proposal 5	Within each of the two possible periods of a TDD UL/DL cycle, support a maximum of one transition to SBFD symbols and one transition to non-SBFD symbols.
Proposal 6	A transmission/reception occasion of a physical channel/signal within a slot cannot be mapped to both SBFD and non-SBFD symbols.
Proposal 7	Support Option 1 in the RAN1#112bis-e agreement on DL subband configuration. Within an SBFD symbol, a single UL subband and one or two DL subband(s) are explicitly configured as RB sets each with configurable size/location within a carrier.
Proposal 8	Dynamic indication of the size and/or frequency location of the UL subband in SBFD symbols is not supported.
Proposal 9	For new (Rel-18+) UEs supporting SBFD operation within a TDD carrier, do not support misaligned center frequencies between DL and UL BWPs.
Proposal 10	UEs in IDLE mode are not aware of whether or not symbols/slots are used for SBFD operation.
Proposal 11	For SBFD-aware UEs, it is beneficial to support partial DL PRGs inside the DL subband caused by unaligned boundaries between PRG and SBFD subbands for precoder granularity of 2 and 4 PRBs.
Proposal 12	For precoding granularity configured as ‘wideband,’ it is beneficial to support PDSCH allocation to two non-contiguous DL subbands but with contiguous FDRA within each subband (Option 1 in RAN1#112bis-e agreement). The UE assumes same precoding across at least the RBs within a subband. The following two options are further discussed for the UE assumption on precoding across the two DL subbands:
a.	Option 1-1: The UE assumes same precoding across all allocated RBs within a subband. The UE makes no assumption about precoding across two DL subbands
b.	Option 1-2: The UE assumes same precoding both within and across two DL subbands
Proposal 13	For DL signals/channels, Option 1 from the RAN1#112 agreement regarding DL receptions across SBFD symbols and non-SBFD symbols in different slots is sufficient, and Option 2 need not be supported.
Proposal 14	It is beneficial to support Option 2 in the RAN1#112bis-e agreement on SBFD operation in SSB symbols, i.e., an UL subband can be configured in an SSB symbol.
Proposal 15	If SBFD symbol overlaps an SS/PBCH block symbol, a UE shall/shall not transmit in the UL subband of this symbol depending on gNB configuration. Example configurability is to (a) prioritize UL transmissions, or (b) prioritize SS/PBCH block reception.
Proposal 16	For PUSCH/PUCCH repetition without joint channel estimation, it is beneficial to support Option 2 from the RAN1#112 agreement regarding UL transmissions across SBFD symbols and non-SBFD symbols in different slots, i.e., the UL transmissions can be in SBFD symbols in a slot and non-SBFD symbols in another slot.
Proposal 17	Further discussion for FDRA determination for signals/channels occurring in both SBFD and non-SBFD slots can be left to WI phase.
Proposal 18	For new (Rel-18+) UEs in CONNECTED mode, it is beneficial to support enhancements to frequency  hopping mechanisms for PUSCH and PUCCH configured with repetition in order to allow repetitions to occur in both SBFD and UL-only slots, and thus maximize UL coverage gain.
Proposal 19	For SRS, PUCCH and PUSCH study different UL power adjustment in SBFD vs. non-SBFD symbols. It can be further discussed how to signal this to the UE, e.g., by different configured power control parameters and/or different TPC commands.
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A.1	UMa Scenario

	
	Parameters
	Scenario

	 
 
 
 
 
 
 
 
System parameters
	Scenario
	UMa, Hexagonal layout, 7 BS per operator, 3 sectors per site, with wrapping

	
	ISD
	500 m

	
	Carrier Frequency
	4 GHz

	
	Duplex Type
	sTDD, SBFD, dSBFD, dTDD

	
	Channel bandwidth
	100 MHz

	
	Available resource blocks
	273

	
	Guard periods
	None

	
	Sub-Carrier spacing
	30 kHz 

	
	Number of active UEs
	840 (7 sites * 3 sectors/site * 40 per site (20 UL + 20 DL))


	
	Channel model
	gNB-UE: UMa
gNB-gNB: 75% if 2D distance < ISD; otherwise according to gNB-UE LOS probability in TR 38.901.
UE-UE: UMi

	
	UE to BS min 2D distance
	35 m

	 
 
 
 
BS
 
	(Mg, Ng, M, N, P), where M, N indicate sub-array number
	(1,1,4,8,2) (same antenna gain)
(1,1,4,4,2) (same antenna area)

	
	Sub-array configuration
	3x1

	
	Max gNB Tx Power 
(per polarization)
	53 dBm


	
	(dv, dh)
	(0.7λ, 0.5λ)

	
	Antenna element gain
	6.4 dBi

	
	Antenna element and sub-array model
	R4-2109872, Table 1-2: Macro urban

	
	Subarray electrical downtilt
	3 deg

	
	Mechanical downtilt
	6 deg

	
	Beamforming method
	Frequency domain

	
	Noise figure
	5 dB

	
	Max modulation
	256 QAM

	
	BS height
	25 m

	
	Panel HW assumptions
	Same antenna gain for all systems, i.e., double area for SBFD and dSBFD

	 
 
 
 
UE
	UE antenna
	1TX 2RX

	
	Antenna model
	Isotropic

	
	Antenna element gain
	0 dBi

	
	Max UE TX Power
	23 dBm

	
	UE open loop power control
	P0= -80 dBm, alpha = 0.8

	
	Noise figure
	9 dB

	
	Max modulation
	256 QAM

	
	UE distribution outdoor:indoor
	20% outdoor
80% indoor

	Traffic
	Traffic model
	FTP3, 0.5 Mbytes for DL and 0.125 Mbytes for UL

	
	Target Resource utilization
	<10%, 25-35%, 55%

	Spatial isolation 
	Tx è Rx within a sector
	1 dB desensitization due to self-interference.

	
	Tx è Rx between sectors of the same site
	93 dB



A.2	Indoor Scenario
	
	Parameters
	Scenario

	 
 
 
 
 
 
 
 
System parameters
	Scenario
	
Indoor open office, 120m x 50m, 12 BSs

	
	ISD
	20 m

	
	Carrier Frequency
	4 GHz

	
	Duplex Type
	sTDD, SBFD, dSBFD, dTDD

	
	Channel bandwidth
	100 MHz

	
	Available resource blocks
	273

	
	Guard periods
	None

	
	Sub-Carrier spacing
	30 kHz 

	
	Number of active UEs
	240 (12 TRPs * 20 per TRP (10 UL + 10 DL))

	
	Channel model
	gNB-UE: Indoor office
.
UE-UE: Indoor office

	
	UE to BS min 2D distance
	0 m

	 
 
 
 
BS
 
	(Mg, Ng, M, N, P), where M, N indicate sub-array number
	(1,1,4,4,2) (same antenna gain)
(1,1,4,2,2) (same antenna area)

	
	Max gNB Tx Power 
(per polarization)
	24 dBm


	
	(dv, dh)
	(0.5λ, 0.5λ)

	
	Antenna element gain
	5 dBi

	
	Antenna element and sub-array model
	Table 10 in Report ITU-R M.2412

	
	Mechanical downtilt
	90 deg

	
	Beamforming method
	Frequency domain

	
	Noise figure
	5 dB

	
	Max modulation
	256 QAM

	
	BS height
	3 m

	
	Panel HW assumptions
	Same antenna gain for all systems, i.e., double area for SBFD and dSBFD

	 
 
 
 
UE
	UE antenna
	1TX 2RX

	
	Antenna model
	Isotropic

	
	Antenna element gain
	0 dBi

	
	Max UE TX Power
	23 dBm

	
	UE open loop power control
	P0= -60 dBm, alpha = 0.6

	
	Noise figure
	9 dB

	
	Max modulation
	256 QAM

	
	UE distribution outdoor:indoor
	100% indoor, uniformly distributed in the building

	Traffic
	Traffic model
	FTP3, 0.5 Mbytes for DL and 0.125 Mbytes for UL

	
	Target Resource utilization
	<10%, 25-35%, 55%

	Spatial isolation 
	Tx è Rx within a sector
	70 dB

	
	Tx è Rx between sectors of the same site
	Not applicable
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