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[bookmark: _Ref465963108]Introduction
In RAN plenary #94e, the study item on evolution of NR duplex operation was approved [1]. The objective of this study is to identify and evaluate the potential enhancements to support duplex evolution for NR TDD in unpaired spectrum. In this study, the followings are assumed:
· Duplex enhancement at the gNB side
· Half duplex operation at the UE side
· No restriction on frequency ranges

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



In RAN1 #109e, the discussion on SBFD schemes and solutions was kicked off and few high-level agreements were made. In the few RAN1 meetings , more agreements on study for non-transparent SBFD operations, SBFD schemes within/across BWP and CLI mitigation were adopted. In this contribution, we continue the discussion on the SBFD operation in TDD carrier, techniques for enabling subband non-overlapping full duplex and the feasibility study.
SBFD operation in NR TDD band
SBFD across multiple component carriers
In the first RAN1 meeting #109e, it was discussed how to study SBFD operation within an NR TDD band. In general, SBFD operation can be achieved within a component carrier by dividing the channel bandwidth between the non-overlapping UL and DL subbands. Alternatively, SBFD operation can be achieved across multiple component carrier within an NR band using intra-band CA framework. It was agreed in the last meeting to study at least SBFD operation within a TDD carrier.  In our views, SBFD within component carrier should be studied first as a baseline in Release-18 study item. 
	Agreement
At least study SBFD operation within a TDD carrier




SBFD operation across multiple component carrier can be achieved using two different design alternatives. The first option is to utilize intra-band CA framework with different TDD DL/UL configurations across the component carriers. The other option is by fully reusing the same concept of SBFD within a component carrier across the component carriers. The two design alternatives are explained in Figure 2‑1. 
[image: ]
[bookmark: _Ref111140323]Figure 2‑1 SBFD using multiple component carriers (intra-band CA)

Observation 1: SBFD operation across multiple component carriers can be achieved using two different design alternatives. 
· Alt1: intra-band CA using different TDD-DL-UL pattern across the CCs
· Alt2: Reusing the same design concept of SBFD within component carrier across the CCs.

SBFD operation using multiple components requires UE support of CA as prerequisite while there is inherent UE complexity with the CA framework including cross-CC scheduling and HARQ, uplink carrier aggregation, etc. In addition, there are some limitations with the CA framework, where the subband size has to match component carrier bandwidth which is limited (e.g., 10MH, 15MHz, 20MHz, … 100MHz). So, there is less flexibility on fine granularity of configuring the UL and DL resources. Also, the existence of multiple inter-channel guard band which will reduce the spectral efficiency of the system.  On the other hand, SBFD operation using multiple component carrier for higher frequencies seems possible and interesting. 
Observation 2: SBFD operation across multiple CCs requires UE supports of CA as prerequisite while CA framework has some inherent UE complexity. 
Observation 3: Compared to single-CC SBFD, CA-based SBFD has some limitation where DL and UL BW is restricted to the component carrier bandwidth while the inter-channel guardband can’t be utilized. 
Observation 4: CA-based SBFD operation is interesting for higher band (e.g. FR2-1). 
Proposal 1: SBFD operation across multiple components is studied at later stage in Rel-18 after establishing the baseline study of SBFD operation within component carrier.
UL and DL Subbands for SBFD operation within a carrier
TDD deployment is based on half duplex operation by the gNB and UE where the entire component carrier bandwidth is used for either DL or UL. OFDM symbols are labelled as either DL, UL or flexible. SBFD operation at the gNB within the component carrier is new duplex mode that enable simultaneous UL and DL transmission at same time using the non-overlapping UL and DL subbands. This can be achieved by having UL subband within the DL and flexible slots and vice versa a DL subband within the UL or flexible slot as shown in Figure 2‑2. 
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[bookmark: _Ref111142595]Figure 2‑2: SBFD operation in TDD downlink, uplink, flexible symbols
The two SBFD operation modes have been discussed extensively in the first RAN1 meeting. Some companies wanted to restrict the discussion during Rel-18 study item on having only UL subband within legacy D slot due to coexistence concerns with static TDD operator (i.e., inter-operator adjacent channel CLI). The discussion continued in RAN # 96 and conclusion was made not to exclude SBFD operation within legacy UL symbol.  However, it should be discussed with lower priority as compared to SBFD operation within DL slots. 
	Conclusion:
UL symbol as second priority is accepted, no intended suspension of continuation of work in WGs




Observation 5: SBFD operation at legacy UL slot is not precluded in Rel-18 study item. 
Enabling SBFD operation within UL symbols is beneficial in some deployment scenarios. For example, InH/ InF deployment where the TDD pattern is UL heavy, having a DL subband within the UL symbols will reduce DL blocking. In addition, for some new spectrum deployment where there are no coexistence concerns (e.g. greenfield deployment), having SBFD operation within each slot is possible.  
Observation 6: SBFD operation at legacy UL slot is beneficial in multiple deployment scenarios, e.g., greenfield deployment and UL heavy deployment (InH/InF) to reduce DL blockage and improve DL coverage. 
For Urban Macro/Micro deployment where there are concerns on inter-operator coexistence, SBFD can be carried within DL slots. However, it should be noted that not all DL symbols indicated by common/dedicated TDD pattern should be used by gNB for full duplex operation. There is a need to have DL slot to protect UE DL reception from inter-UE CLI. For example, there may be some legacy UEs that don’t support Rel-16 CLI framework. In some other scenarios, there is need to protect common signalling (e.g. SSB, CORESET#0, CSS PDCCH, TRS, etc). In some scenario, SBFD operation during initial access may affect reception RACH messages if inter-UE CLI not handled carefully. This may cause some interruption which could increase IA latency. 
Observation 7 Legacy DL slot is important to protect DL reception of UEs that suffer from strong CLI especially when receiving common signalling and UEs that don’t support Rel-16 CLI framework. 
Proposal 2: Not all DL slots are used for SBFD operation.
SBFD Frequency patterns
	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
Conclusion: 
For discussion purpose only, SBFD symbols is defined as symbols with subbands that gNB would use for SBFD operation. 
Conclusion: 
For discussion purpose, for SBFD operation within a TDD carrier, a SBFD subband consists of 1 RB or a set of consecutive RBs for the same transmission direction



Considering the impact of adjacent channel CLI, the location of the UL/DL subbands should be carefully selected to minimize the impact on the UL reception at victim gNB due to DL interference from other aggressor gNBs. Also, this may have an impact on victim UE DL reception caused by UL transmission of other UEs (i.e. presence of inter-UE CLI). Following the same discussion in agenda 9.3.1, there are two possible scenarios where a SBFD operator coexist with two legacy static operators at the two adjacent channel or coexist with only single operator at one side as shown in Figure 2‑3. Then, for UL subband within legacy DL slot, two pattern should be considered (DUD and DU). Similarly, for DL subband in legacy UL slots two patterns can be considered (UDU and UD). Since a guardband is required between the UL and DL subband, a maximum number of three subband is sufficient.


[bookmark: _Ref111145789]Figure 2‑3: UL/DL subband placement to reduce inter-operator CLI
In RAN1 #110bis-e meeting, it was agreed that for SBFD operation in SBFD symbols (other than legacy UL symbols), the maximum number of UL subband within a TDD carrier is one.  The UL subband can be located either at the side of carrier or in the middle of the carrier, subject to RAN4 study on feasibility. 

	Agreement
The maximum number of UL subbands for SBFD operation in an SBFD symbol (excluding legacy UL symbol) within a TDD carrier is one for the study in RAN1.
· The UL subband can be located at one side of the carrier.
· The UL subband can be located at the middle part of the carrier, subject to RAN4’s study and conclusion
Note: RAN1 considers the above two possibilities unless RAN4 concludes that any one is infeasible.
Note: Two UL subbands for SBFD operation in an SBFD symbol within a TDD carrier due to SBFD operation in legacy UL symbols is subject to further RAN1 discussions which is 2nd priority as per RAN guidance.
Send an LS to RAN4 to inform the above agreement. If RAN4 has response, it will be taken into account but in the meanwhile, RAN1 work will continue based on the above.




Similarly, for SBFD operation in UL symbols, the maximum number of DL subband should be limited to one and the location of the DL subband could be at the middle of carrier or at one of the sides depending on the adjacent TDD carriers within the NR band.

Proposal 3: The maximum number of DL subbands for SBFD operation in legacy UL symbols within a TDD carrier is one. The DL subband can be located at one side of the carrier (UDU pattern) or at the middle of carrier (UD, DU) pattern depending on RAN4 feasibility

[bookmark: _Ref118456934]Transparent vs non-transparent SBFD operation
There are two possible implementations methods of SBFD operation at the gNB, transparent vs non-transparent. For the UE-transparent method, the UE is not aware of gNB SBFD operation and gNB can dynamically schedule the UE in the SBFD slots with UL transmission in the UL subband or DL transmission in the DL subbands. In the non-transparent mode, UE is indicated with the time/frequency resources where gNB is operating in SBFD mode. 
In the last RAN1 meeting #110, the following four alternatives for gNB SBFD operations were listed for study. Alt 1 is the transparent operation by the gNB where UEs are not aware of full duplex operation by the gNB. This alternative doesn’t require any specification impact including UE behaviours. For Alternatives 2-4, UEs are aware of SBFD operation at the gNB while the difference is mainly based on the level of knowledge. Alt 4 is full awareness of both the time and frequency locations of the UL and DL subbands whereas Alt 3 is a subset of Alt 4 where UE is only aware of the time location (i.e. symbols) in which gNB operate in full duplex mode. Alt 2 is an interesting approach that doesn’t require UE aware of the subbands, however, specification can introduce new enhancements (e.g., overriding some of the slots that is configured to the UE as downlink or uplink). 
	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.




SBFD operation can be carried in a transparent manner to the UE as listed by alternative 1 in the RAN1 agreement. The gNB can configure the SBFD symbols as flexible symbols/slots and rely on dynamic scheduling.  Although this approach is a possible and implementable mode of operation (e.g., as demonstrated by SBFD prototype in section 3.4), there are some limitations to this SBFD transparent method. As the UE is not aware of UL subband, gNB should rely solely on dynamic scheduling which limits the configurability of semi-static UL signal (SRS) and channels (CG-PUSCH and PUCCH). Also, it will impact or restrict the UL frequency hopping. From CSI-RS configuration, gNB can’t rely on CSI report in DL slot as the link quality is different in SBFD slot (due to presence of inter-UE CLI). Then, gNB needs to configure two narrowband CSI for each subband. This will be limiting and restrict gNB PDSCH scheduling on both subbands from one side. From the other side, it will increase the CSI-RS and CSI report overhead. 
Observation 8 Transparent SBFD operation (Alt 1) using current 3GPP specification is possible. However, there are restrictions and limitations. 
· gNB to rely on dynamic scheduling within the SBFD slots and signals these slots as flexible on the cell-specific configuration.
· Limited usage of configured UL signals/channels within the SBFD slots (e.g. SRS, CG, hopping, etc)
· CSI-RS report overheads for the two DL subbands and limitation on PDSCH scheduling on both subbands

On the other hand, when UE is aware of the SBFD operation, these limitations/restrictions are resolved, and additional benefits can be obtained. For example, the UE can achieve better selectivity and filtering with the knowledge of both the UL and DL frequency and time subbands. Also, the UE can leverage the UL/DL subbands information to know available frequency resources for DL or UL within the DL and UL BWPs respectively and adjust the operating BWs for UL/DL.  This may lead to some UE power savings due to reduced sampling frequency (e.g. when UE operates in one DL subband or one UL subband).
In addition, if SBFD slots are configured in legacy DL (or UL slots), then SBFD-aware can transmit UL in the UL subband in RRC configured DL slots or receive DL in RRC-configured UL slot (which is not allowable in current spec). Some other enhancements related to scheduling and resource allocation (e.g. CSI-RS) could be achieved and will be disused in section 3.1. Also, this may help with SBFD-slot specific configurations to help with cross-link interference (e.g. power and timing). Furthermore, this solution doesn’t require introduction of special slot format for the SBFD operation. 
Observation 9 Non-Transparent SBFD operation (Alt 4) resolves the limitation/restriction of transparent SBFD (Alt 1) and allow for the following benefits:
· Improved UE selectivity, filtering and possible power savings due to reduced sampling rate.
· SBFD-aware can transmit UL in RRC configured DL and vice versa
· Enable some enhancement on resource allocation (e.g. CSI-RS) and subband scheduling. 
· Enable slots dependent configurations (e.g power control and timing)

Observation 10: It is beneficial for the HD UE to be aware of gNB full duplex operation in specific slot format and the frequency resource’s locations of the DL and UL subbands. 


Figure 2‑4: SBFD operation using Alt-4


In the last RAN1 meeting #110bis-e, it was agreed the SBFD operation using Alt-4 is the baseline. 

	Agreement
For SBFD operation at least for RRC_CONNECTED state, it is agreed that SBFD operation Alt 4 is the baseline.





Regarding the two other alternatives (Alt 2-3) for SBFD operation, we think they shouldn’t be considered for Rel-18 study. In our views, non-transparent SBFD operations using Alt 4 is sufficient as the other two alternatives do not provide any extra gains or advantages. Alternative 3 is a subset of Alt4 where UE is only aware of the time locations and most of the benefits of alternatives 4 (e.g. UE subband selectivity/filtering, resource allocations enhancement, etc) can’t be achieved. On the other hand, Alt 2 is very restrictive where UE knowledge is very limited, and scope of enhancement is focused on only overriding downlink or uplink symbols that may be used for gNB full duplex operation. In practical deployment, this alternative will be limited to UE dedicated TDD pattern overriding common configuration as SFI mechanism (by GC-DCI format 2-0) is optional UE feature. 

In summary, it is very important to focus the discussion on the scheme where most of the benefits can be achieved. In addition, it is essential to simply UE behaviour by having only one scheme. 

Observation 11: There is no extra benefits or gains for SBFD operations using alternative 2-3 over alternative 4. 

Observation 12: SBFD operation using only Alt 4 achieves all gains of gNB SBFD operations and simplify UE behaviour (only one scheme can be specified).

Proposal 4: Non-transparent SBFD operation using Alt-2 and Alt-3 are not considered in Rel-18.

Guardband between UL/DL subbands
A guardband may be needed at the gNB to protect UL reception within the UL subband and reduce the impact of self-interference. In some scenarios, depending on the gNB implementation, a very small guardband or even no guardband may be needed at all. However, from UE perspective, given that there is no UE selectivity, a guardband may be needed to protect the DL reception from the inter-UE CLI. 
Observation 13 SBFD gNB may not need a guardband between UL and DL subband. However, from UE perspective, a guardband may be needed to reduce inter-UE CLI given there is no (or small) UE selectivity. 
To evaluate the impact of inter-UE CLI on the DL performance, a link level simulation study was conducted. In this study, we evaluated the degradation of downlink throughput in the presence of inter-UE CLI with respect to the baseline without inter-UE CLI. The two UEs are spaced at different distances of 0.3m to 9m and are LOS. The victim UE is scheduled with PDSCH reception with rank 4 on both DL subbands, with 108 RB on each subband (RBs: 1-108, 165-272) and the aggressor UE is configured with UL transmission in the middle UL subband with different UL RB allocations of {113-158, 118-153, 123-148, 128-143, 133-138} which corresponds to GB between UL and DL of size {5  RBs, 10 RBs, 15 RBs, 20 RBs,  25 RBs}, respectively. For accurate model of inter-UE CLI, the Adjacent subband leakage ratio (ASLR) model was obtained using realistic PA model. Figure 2‑5 shows how the ASLR response of an UL signal is modelled by a linear CLI response.  In particular, we assume ASLR is -30 dBc lower than UL signal in the first ASLR bin, 2nd ASLR bin is -40 dB lower than UL, and so on.  Note that each ASLR bin is assumed to have the same BW as UL BW.
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[bookmark: _Ref114589671]Figure 2‑5 UL Adjacent suubband leakage ratio (ASLR) model
The percentage of achievable throughput compared to baseline without CLI is shown in Figure 2‑6, for different GB sizes and different distance separating the victim and aggressor UEs. The results show that increasing the GB between UL and DL can help reduce impact of inter-UE CLI till a certain point, beyond which the performance will be limited by quantization noise. This happens when the inter-UE CLI is much larger than the DL signal, in which, the AGC will be set based on the inter-UE CLI which leads to loss of dynamic range of the DL signal. The impact of quantization noise will increase with difference in UL-DL powers. 
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[bookmark: _Ref111131414]Figure 2‑6 Achievable TPUT (%) for different GB values and different distances between aggressor and victim UEs

Observation 14 Based on LLS, increasing the guardband between the scheduled DL and UL helps reducing the inter-UE CLI and recovering some TPUT loss. When inter-UE CLI is too large due to close UEs proximity, increasing the guardband is not helpful.
Proposal 5: RAN1 to further discuss UE-specific guardband configuration. 

UL and DL Subband configuration and indication

Semi-static configuration of SBFD UL/DL subbands configuration 
In the earlier RAN1 meetings, it was discussed how to configure and indicate to the UE the UL and DL subbands. It was agreed to study semi-static configuration of the subband time and frequency locations as baseline. In addition, it was agreed to consider same subband frequency resources across the SBFD symbols. 
	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.


In our views, the knowledge of the UL/DL subbands should be based on semi-static configuration. A practical deployment of SBFD may be based on same SBFD configurations across the cells. Dynamic changes of the SBFD may be challenging to handle inter-gNB and inter-UE CLI at least for FR1. Also, it would require dynamic and adaptive changes for UE and gNB RF (e.g. filtering and LO tunning). It is beneficial for the UE to have an advanced knowledge of which slots are SBFD and what are the frequency resources of the UL/DL subbands within these resources.
Observation 15: Semi-static configuration of the UL/DL subbands is essential for the SBFD operation. 
In RAN1 meeting #110bis-e, it was agreed to consider semi-static configurations of the frequency location and time locations of the subbands.
	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.
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.




For SBFD operation with UL-subband in cell-common downlink or flexible symbols, it was agreed at least explicit configuration of the UL subband is required. The frequency location of the other subbands and additionally the guardband was left for further discussion and whether implicit or explicit indication is needed. Regarding the explicit or implicit configurations of the other subband, it depends mainly on whether the gNB needs a guardband for SBFD operation. If there is no guardband, then other other subband can be implicitly determined based on the frequency resources of the component carrier by excluding the UL-SB frequency location. On the other hand, if guardband is required, then explicit configuration of either the other subband or guardband is needed. To accommodate both design options, the guardband could be optional semi-static configuration parameter. Then, the UE can implicitly determine the other subband based on the UL-SB frequency location and the guardband. 
The frequency location of the UL-SB could be indicated in a similar way as the location and bandwidth of BWP is configured, by using a RIV indicator for the start RB and number of RBs of the UL subband. The offset could be with respect to Point A (CRB0) to indicate the first common RB in the UL subband and assuming same SCS of the component carrier. 


[bookmark: _Ref118136079]Figure 2‑7: Frequency location of the UL/DL subband and guardband
In addition, as discussed in section 2.5, the guardband can be explicitly configured to the UE in addition to frequency resources of UL/DL subbands. The knowledge of the guardband frequency resources is important for UE especially for SBFD aware UE with subbands filters. 
Observation 16: Whether to explicitly or implicitly indicate the frequency location of other subbands depends on the gNB capability of SBFD operation with or without a guardband respectively. 
Proposal 6: The frequency location of the guardband(s) are explicitly indicated (if any). 
Proposal 7: The other subband(s) are implicitly determined based on the bandwidth of the component carrier bandwidth and excluding the frequency location of the UL subband and the guardband
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. As SBFD operation with UL-subbband is carrier over at downlink or flexible, it makes sense that the periodicity of the SBFD symbols is configured with respect to the periodicity of the TDD pattern(s). 
Proposal 8:The period for SBFD operation is based on the periodicity of the TDD-DL-UL pattern(s). 
Within that period, the time locations of the SBFD symbols could be configured within a window of consecutive SBFD symbols to reduce the switching between SBFD and non-SBFD symbols. Otherwise, frequent switching may require frequent gNB and UE filtering adaptation. 


Figure 2‑8: Time locations of SBFD operation
Based on the discussion above, SBFD operation requires new semi-static signalling for indicating the time and frequency locations of the subbands. The new RRC signalling should be cell-common configuration as the SBFD operation is at the gNB side. 
Proposal 9: Support cell-common semi-static configuration of the time and frequency location of UL/DL subbands and guardband for SBFD operation. 

Dynamic indication/update of the UL/DL subband configuration 
Dynamic adaption of the time location of the SBFD symbols in some scenarios may be helpful. For example, in some scenarios when there is strong self-interference or inter-gNB interference (e.g due to clutter), then SBFD operation may not possible, and network may fallback to HD mode. In some other scenarios, some specific cells may need to adapt the ratio of the SBFD and non-SBFD symbols/slot depending on the cell load and UL/DL traffic. In both cases, dynamic indication or update of the SBFD symbols could be helpful. This could be achieved by having multiple RRC configuration of subbands configuration and gNB dynamically indicate one of the configurations (e.g. only DL subband, no UL subband, within DL slot to fallback to  half-duplex mode). In addition, dynamic update of SBFD symbols enable DL or UL scheduling across all frequency resources in slots that was earlier configured with UL or DL subbands.
Observation 17: Dynamic indication/update of the UL/DL subband can be useful in some scenarios (e.g. gNB fallback to HD mode due to strong interference and dynamic DL or UL scheduling after slots updates or adapting to the UL/DL traffic loads). 
Dynamic indication/update of the at least time locations of the SBFD subbands could be achieved at a symbol or a slot level, and could be indicated via a bitmap (e.g. for non-continuous resources) or an offset and length to save overhead (e.g. for continuous resources).  

 Proposal 10: Support dynamic indication/update of the at least time locations of the SBFD subbands.
· FFS: dynamic indication/update of the frequency locations of the DL and/or UL SBFD subbands.
SBFD schemes across BWP(s)
For the SBFD scheme within a single TDD carrier, two different schemes were discussed in the last RAN1 meeting for the UL/DL subbands configurations. In the RAN1 meeting #110, the following working assumption was made to study both schemes.
	Working Assumption
For SBFD operation within a TDD carrier, study SBFD scheme within a single configured DL and UL BWP pair with aligned center frequencies as baseline. 
· FFS feasibility and potential benefit of SBFD scheme within a single configured DL and UL BWP pair with unaligned center frequencies
· FFS feasibility and potential benefit of SBFD scheme with more than one configured DL and UL BWP pair with aligned/unaligned center frequencies for a DL and UL BWP pair



And in the last RAN1 meeting #110bis-e, it was agreed that SBFD operation within a single configured UL/DL BWP pair with aligned center frequency is the baseline. 
	Agreement
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.




[image: ]
[bookmark: _Ref115428843]Figure 2‑9: SBFD schemes and BWP configuration
Figure 2‑7 show the two schemes for SBFD operation. The figure to the left represents the agreed baseline operation, where UL/DL subbands are configured within the single configured or active UL/DL BWP pair. The figure to the right represents an enhanced scheme where UE support two or more UL/DL BWP pair. In that scheme, one pair is used for SBFD operation where each subband is configured as a BWP and other pair is used for non-SBFD operation. 
SBFD scheme within single UL/DL BWP pair
The baseline SBFD scheme is based on configuring the DL/UL subbands as contiguous RBs (e.g RB set) within the UE active DL/UL BWP pair with aligned cetner frequency. For SBFD-aware UE, it was discussed whether the center frequency alignment restriction of the UL and DL BWP can be relaxed. In our views, there could be some scenarios where the lifting this constraint is useful. Consider the example where network configures the UE with narrowband initial UL/DL BWP and then wideband first active BWP after RRC connection. If SBFD is indicated to only RRC connected UE, then during initial access, all UEs will be configured with center aligned narrowband UL/DL BWP as shown on left figure in the example below. This will restrict leveraging the UL-SB resources and hence don’t achieve UL coverage gain and latency reduction. On the other hand, if this restriction is lifted, two narrowband UL/DL BWP could be configured for the new UEs as shown in the right figure in the example below. This can be applicable for default BWP as well where UE could be scheduled only in one of the two DL subbands. 



 
Figure 2‑10: Narrowband UL/DL BWP with aligned and non-aligned center frequency
 
Observation 18: For SBFD scheme within a single configured UL/DL BWP pair:
· Non-aligned UL/DL BWP could be beneficial for some scenarios, e.g., narrowband UL/DL BPW for initial access or default BWP. 

SBFD scheme with multiple UL/DL BWP pairs
The second SBFD scheme is based on BWP framework which requires configuring two or more DL/UL BWP pairs for both TDD and SBFD operation. In RAN1 meeting #110, different options were proposed for SBFD operation using multiple BWP configurations [5]. One flavour requires two simultaneous active BWP pairs as shown in the figure below where each subband is configured as BWP.


Figure 2‑11: SBFD scheme with subband configured as BWP [5]
In our views, we have concerns on such BWP-based framework for enabling SBFD as it requires a lot of specification impact and complicates UE behavior. Each BWP should be configured with its own TDD pattern. It requires cross-BWP scheduling and cross-BWP HARQ feedback. In addition to the complication of BWP switching. 

Observation 19: For SBFD operation using more than one configured DL and UL BWP pair where each subband configured as BWP, it requires a lot of specification impacts and complicate UE behavior. 
· Requires two active BWPs at a time, each configured with its own DL/UL TDD pattern.
· Requires cross-BWP scheduling and cross-BWP HARQ feedback.
· Complicates BWP switching mechanism
· Requires non-aligned BWP center frequency  
· Requires some restriction rules may be needed to have common parameters for both DL BWPs
· RRC signalling overhead

In our views, the two BWP pairs configuration doesn’t mean they are active at the same time. As shown in Figure 2‑9, there is one UL/DL BWP pair configured for TDD operation and one UL/DL BWP pair configured for SBFD operation. There is only one active UL/DL BWP pair at a time. The UE would need to switch from one BWP to the other based on some semi-static configuration of the BWP switching. UE knowledge of the semi-static BWP switch may result into optimized BWP switching delay. In addition, this framework may require some enhancement of the BWP framework where for example the DL BWP can be defined as non-contiguous RBs to cover both DL subbands. Also, the restriction of same centre frequency of UL and DL BWP should be lifted. 
Observation 20: For SBFD operation using more than one configured DL and UL BWP pair where one BWP pair is configured for TDD operation and the pair is configured for SBFD operation, it requires less specification impact mainly to enhance the BWP framework (e.g. non-contiguous RB for BWP, non-aligned UL/DL center freq.)
· One UL/DL BWP pair is active at a time
· Semi-static configuration of BWP switching pattern to reduce BWP switching delay.
· Enable UE to enhance BWP-based selectivity/filtering to reduce inter-UE CLI.

To enable successful deployment of SBFD, it shouldn’t require any enhancement of UE RF requirement. However, option 2 may enable the UE to enhance its receiver selectivity and reduce the impact of inter-UE CLI.
Proposal 11:RAN1 to further discuss enhancement for SBFD operations using two or more BWP pairs with single active UL/DL BWP pair and semi-static switching of BWP pattern. 

UE UL/DL behaviour in SBFD symbols
In the RAN1 meeting #110, there was discussion on traffic direction scheduling within the UL and DL subband. The following study agreement listed four different options for possible operation for the SBFD aware UE within the UL/DL subbands. 
	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




The discussion continued in the last meeting #110bis-e with separate discussion of SBFD operation with UL subband in legacy common ‘downlink’ and ‘flexible symbols.  In our views, SBFD operation should target both SBFD-aware and non SBFD aware UE. The latter one could be a legacy UE or could be Rel-18+ UE that is not SBFD aware UE.
If SBFD operation is limited to symbols configured as ‘DL’ in TDD-UL-DL-ConfigCommon, then all non SBFD-aware UE will not be able to utilize the UL-SB and can’t leverage the UL coverage gain or latency reduction of SBFD. 
Observation 21: SBFD operation should target both SBFD-aware UE and non SBFD-aware UE including both legacy UE and Rel-18+ UEs that are not SBFD-aware.  
Observation 22: Restriction SBFD operation to symbols configured as DL in TDD-UL-DL-ConfigCommon will prevent non SBFD-aware UE from UL subband transmission.
Proposal 12: Support semi-static configuration of UL subband in symbols configured as ‘downlink’ or ‘flexible’ in TDD-DL-UL-ConfigCommon.
Regarding the four listed options for SBFD operation with UL and DL subbands, option #1 is the sufficient baseline for UE SBFD operation in SBFD symbols where subband traffic direction is fixed. It is counter intuitive that network configures an UL subband for UL transmission and then later schedules DL transmission within the UL subband. The baseline motivaion for semi-static configuration of UL/DL subband is to avoid CLI across cells and across UEs. In addition, the main advantage of SBFD versus dynamic TDD is the controlled CLI by having fixed subband. We find very contradicting to allow opposite traffic direction in semi-static configured subband. Also, it requires extra complexity for gNB and/or UE to quickly adapt the RF front end (e.g., tunning and filtering) by dynamic signalling.  
Observation 23: Option #1 is sufficient baseline for SBFD operation of SBFD-aware in downlink symbols with UL-subband UE and conforms with basic assumption/understandings of UL/DL subband operation. 

Observation 24: Options 2-4 increases the CLI, contradicts with basic understanding of UL/DL subband traffic direction and increases complexity and timeline for adaptive RF tunning and filtering. 
On the hand, if the purpose for Options 2-4 is scheduling flexibility, then the same functionality can be provided using dynamic update of the SBFD symbols (e.g., time pattern and/or frequency resources of the UL/DL subband).  Also, since the gNB is operating in non-overlapping UL and DL subband, if gNB utilizes unicast signalling for dynamic scheduling (e.g. DL scheduling in UL subband for a specific UE), it should make sure that other UEs don’t transmit any UL signa/channel in the UL subband. otherwise, there will be intra-cell inter-UE CLI which may affect the scheduled DL reception. On the other hand, if gNB updates SBFD symbols for all UEs in the cells by dynamic signalling (e.g. GC-DCI), then this problem doesn’t exist. 
Observation 25: Dynamic SBFD symbol update (e.g., fallback to TDD mode or adapting subbands) provides the same functionality and flexibility of options 2, 3 and 4.  

Finally, option 1 doesn’t prevent UE to measure the CLI in the UL subband which is essential for UE receive blocking detection and/or LNA compression. The CLI measurement is not DL reception from gNB and this shouldn’t be confused with DL scheduling in UL subband. In addition, the CLI measurement in UL subband can be achieved simultaneously with UE DL reception in DL subband if UE supports Rel-16 capability of FDM-CLI and DL. 
Proposal 13: Support only Option 1 as the baseline for SBFD-aware UE scheduling.
· UE can be configured to measure CLI in the UL subband for AGC blocking and/or LNA compression. 

SBFD for initial access and mobility
Initial access
The SBFD-aware UE discussion so far is limited to RRC-CONNECTED UEs. The SBFD benefits, UL coverage enhancement and other benefits could be leveraged during initial access for RRC-Idle UE as well. If gNB broadcasts the UL/DL subband configuration, e.g., via SIB1, then the SBFD-aware UE will have the knowledge of the time and locations of the UL/DL subband within the initial UL/DL BWPs. 
For RRC idle UE, the knowledge of the UL/DL subband configuration is beneficial during the initial access, as the UE can utilize the UL subbands to enable RACH messages repetition and frequency hopping which enhances UL coverages during initial access. In release 17, msg3 repetition was introduced to improve UL coverage and Rel-18 will specify techniques to enable PRACH repetition. In addition, UL subband will enable configuration of additional RACH occasions (in addition to the ones of configured at the initial UL BWP) which will reduce the RACH collision and reduce latency of the initial access procedure for the UE. 
Observation 26: UE indication of the UL/DL subband configurations at initial access is beneficial to enable:
· Improve UL coverage for RACH messages by enabling repetition and/or frequency hopping
· Enable additional RACH occasions which reduce the collision of the CBRA
· Reduce the latency for random/initial access procedure.

Proposal 14:  RAN1 to study potential benefits of initial access for SBFD-aware UE
Proposal 15: Support broadcast of the UL/DL subband locations for the initial UL/DL BWP for SBFD-aware UE.
Proposal 16: Support configurations of initial access messages on UL subbands of SBFD symbols for both RRC-idle and RRC connected UEs.
Cell Selection Considering gNB full duplex capability
Till Rel-17, the cell selection is mainly based on DL RSRP/RSRQ/SINR measurement, e.g. for connected UE in conditional handover or idle UE for cell reselection. Then, the UE may not identify and exploit gNB full duplex capability in absence of related information. It would be beneficial for gNB to indicate whether a candidate cell support SBFD or not. The indication can be broadcasted e.g. in RMSI, or sent in RRC message for each candidate cell. Such indication can facilitate UE’s cell selection, e.g. SBFD aware UE can prioritize SBFD cells over non-SBFD cells with similar link quality. 
Proposal 17: Study mechanism to facilitate SBFD aware UE to select SBFD capable cells.
Transparent SBFD and coexistence with legacy UE
A subband full duplex gNB will serve mixed UE types; legacy HD UE which are not aware of full duplex gNB and other Rel-18+ UE that don’t support operation in full duplex gNB.
Transparent SBFD operation for legacy UE
As discussed in section 2.4, current 3GPP spec can enable SBFD in transparent manner to UE. gNB can rely dynamically schedule uplink in the UL subband or DL in one subband or both subband using DCI format 1_1/1_2 and 0_1/0_2. To schedule DL PDSCH across both subbands, recourse allocation type 0 could be used to select the RBGs across the two subbands. However, the resolution of the RBGs (1 RBG = 16 RBs) for large BWP may cause some limitation on the scheduling flexibility and the DL/UL subband sizes and location. The other approach to avoid UL subband is to configure a PDSCH rate-matching pattern for the UL subbands. However, this will have some limitation for fallback DCI as rate-matching pattern can’t be disabled. 
CORESET #0, SIB1 and Type-0 CSS can be configured in one the DL subband. Other CORESETs are very flexibly configured using bitmaps of 6RB granularity which can be contiguous or non-contiguous RBs. The DL CSI-RS can be configured for each subband or a wideband CSI-RS can be configured in the DL slot. SRS for antenna switching (DL CSI acquisition) can be configured wideband in one of the UL symbols/slots. One wideband BWP is configured and SBFD slot is indicated as flexible. 
Observation 27:  Transparent SBFD operation based on current 3GPP specification is possible.
· SBFD symbols configured as flexible to enable dynamic UL/DL scheduling.
· DL scheduling across both DL SBs using RA Type 0 with some limitation on granularity.
· CORESET #0, SIB1 and Type-0 CSS can be configured in one the DL subband. Other CORESETs are very flexibly configured using bitmaps.
· CSI-RS per each DL subband or wideband CSI-RS configuration in DL slot
· Wideband SRS in UL symbols to enable DL CSI acquisition. 
Legacy UE coexistence issue
gNB should utilize Rel-16 CLI framework to detect when legacy UEs are jammed due to intra-cell inter-UE CLI.  When jamming is identified between two pair of UEs by means of CLI reporting, gNB should properly schedule UEs. For legacy UEs not supporting Rel-16 CLI, gNB can schedule these UEs on DL only symbols or on DL resources with sufficient frequency isolation to UL subband. For example, as shown Figure 2‑12 UE2/3 could be TDMed or FDMed with large frequency guard gap to avoid or reduce CLI. As part of R18 duplex enhancement, RAN4 should study the co-channel coexistence with legacy UE using current RF requirements as baseline, e.g selectivity and inband emission and identify the performance baseline.
Proposal 18: gNB should handle legacy UE by utilizing Rel-16 CLI framework and proper scheduling. 
Proposal 19: For the coexistence study of legacy UE, No change in UE RF requirements. 


[bookmark: _Ref114590531]Figure 2‑12: Coexistence with legacy UE and inter-UE CLI
Techniques and solution for enabling SBFD
This section addresses possible enhancement for SBFD aware UE (i.e., non-transparent SBFD operation) for UL transmission and DL reception across SBFD and non-SBFD symbols
[bookmark: _Ref115081152]DL Resource allocation 
In the RAN1 meeting #109e, it was agreed to study the impact and potential enhancement of resource allocation for SBFD-aware operation. In the last RAN1 meeting, there was some discussion on the resource allocation for the different channels and signals, eg. PDSCH, CSI-RS, PUSCH, etc without any study agreement. In this section, we address three issues related to resource allocation.
	Agreement:
Study the impact/potential enhancements of resource allocation in symbols with subbands that gNB would use for SBFD operation.



PDSCH rate matching
In current 3GPP specification, PDSCH is rate matched around specific signals (e.g. SSB, P/SP NZP CSI-RS, etc) or around RRC configured rate matching patterns. The UL subband and the guardband could be considered as resources not available for DL transmission (i.e. PDSCH is considered rate matched around UL subband and guardband). 


Figure 3‑1: PDSCH rate-matching around UL subband
Proposal 20: UL-subband and guardband are considered as non-available resources for DL reception. PDSCH symbols are rate-matched around these resources and DMRS
CSI-RS 
	Agreement
Study impact and potential enhancements of CSI-RS resource set frequency domain resource allocation and CSI reporting configuration across non-contiguous DL subbands.




To get accurate CSI across the two DL subbands, two design options could be considered. The first one is to configure two CSI-RS resources (each has contiguous frequency resources per each DL subband) and the two resources are linked to the same CSI report such that single rank is conditioned on CSI of both subbands. The other option is to define a non-contiguous CSI-RS by excluding the frequency resources of the UL subband and guardband (if configured). The two options are explained in Figure 3‑2. 


[bookmark: _Ref111190061]Figure 3‑2: CSI-RS configurations in DL subbands

Observation 28:  For CSI-RS in SBFD symbols, gNB can configure:
· Option1: Two contiguous CSI-RS resources per each subband and a single CSI report linked to the two resources. 
· Option 2: Non-contiguous CSI-RS across the two DL subbands.

Comparing both options, non-contiguous CSI-RS is preferred as option 1 requires extra CSI-RS configurations and this may limit UE capability of maximum number of configured CSI-RS resources.  In addition, for either option, the CSI complexity is increased as the UE needs to double the complexity CSI processing to estimate the channel per each subband. This may have some impact on CSI processing latency. 
Observation 29: UE complexity increases to process the CSI-RS across the two DL subbands which increase CSI processing latency.
Proposal 21: RAN1 to further study non-contiguous frequency resources configuration of the CSI-RS and impact to UE CSI processing and reporting latency. 
For CSI subband reporting, the UE is configured by higher layer for subband size. The size of the subband is defined as  contiguous PRBs that depend on the total number of PRBs in the downlink bandwidth part. The subband size is designed as an integer number of PRG (2 or 4 RBs) as well as an integer number of the RBG of the to avoid misalignment. However, as the downlink subband(s) may not fully align with the CSI subband grid at the boundaries between DL-SB and guardband or UL subband, there could be partial CSI subband at the edges of the downlink subband. In that scenario especially when the subband size is large, it may be beneficial for the UE to measure CSI in partial CSI subband. 
Proposal 22: RAN1 to further study partial CSI subband reporting at the edges of the DL subband(s) boundaries. 
FDRA allocation and Partial RBG
The FDRA bitfield in the scheduling DCI is based on the BWP size. The current resource allocation Type 0 is pretty-much flexible to schedule PDSCH across the two DL subbands, where bits mapped to the RBGs of UL/GB should be indicated as zeros. However, there could be some inflexibility in scheduling granularity for large BWP especially when the DL subbands is not aligned with RBG grid of the FDRA. Within the BWP, the first and last RBG could be partial depending on first RB of the BWP and BWP size, while the rest of the RBGs is given by P, the nominal RBG size as defined 5.1.2.2.1 of TS 38.214. For BWP sizes larger than 145 RBs, the RBG size is 16 RBs. In some scenarios, where DL subband is not aligned with RGB boundaries as shown in Figure 3‑3, then the two RBGs can’t be utilized and this could result into lower resource utilization. Then, the current NR designs of partial RBG at BWP boundaries can be applied at the DL subband boundaries as well. 


[bookmark: _Ref114749654]Figure 3‑3 Partial RBG at boundary of the DL subband
Observation 30: The FDRA for RA Type 0 is flexible to enable DL scheduling across the two subbands.  There could be some restriction on scheduling flexibility if subbands are not aligned with the RBG grid. 
Proposal 23: Any further optimization for the FDRA field in scheduling DCI should be well motivated, e.g., partial RBG at DL subband(s) boundaries. 
UL resource allocation 
PUCCH configuration and frequency hopping
In typical network deployment, PUCCH is configured at the edge of the channel bandwidth. This will avoid UL resources fragmentations and enable to use the rest of the frequency resources for UL PUSCH. Following the same design concept, the PUCCH in the UL subband should be configured at the UL subband boundaries. This may require a separate PUCCH resource set configuration specific for the SBFD slots. This is also needed as the UL link quality of UL slot is different than the one of the SBFD slots as well as the different number of gNB antennas/panels in the two slot types. 
Observation 31: A separate PUCCH resource set for SBFD operation is useful to enable PUCCH configuration at edge of the UL subband and to account for the different UL link quality and the different antenna/panels configuration at SBFD symbols than normal UL slot.
Proposal 24: RAN1 to discuss separate PUCCH configuration for SBFD and UL slot.


Figure 3‑4: PUCCH configuration in SBFD and UL slots

On the other hand, for PUCCH transmission across multiple slots with inter-slot frequency hopping. The current 3GPP hopping mechanism for PUCCH is based on two hops based on two RBs indices, ‘startingPRB’ and ‘secondHopPRB’.  If the same PRB index is used for both slots, then some of the PUCCH hops may occur in the DL subband. On the other hand, if the PUCCH hops are configured based on UL subband, this may cause resource fragmentation and limit other UL transmission (e.g. PUSCH, SRS) in UL slots. This issue can be resolved by adjusting the location of the hops that occur within the UL subband.   
Proposal 25: RAN1 to discuss PUCCH transmission across with inter-slot frequency hopping across multiple SBFD and UL slots. 
PUSCH repetition and frequency hopping 
One of the main advantages of SBFD is to improve UL coverage. PUSCH repetition across slots is an efficient technique to improve the UL link budget. Frequency hopping is essential technique to achieve frequency diversity for the repetition. However, with the presence of the narrow UL subband as compared to UL BWP, the current 3GPP frequency hopping mechanism may be limited or not possible with SBFD operation. Similar to the earlier discussion on PUCCH in section 3.2.1, the starting RB of PUSCH transmission occasions at SBFD should be adjusted when frequency hopping is enabled.
Proposal 26: RAN1 to further study the impact/potential enhancement of frequency hopping with SBFD operation.
Available slot counting
In Release 17, the available slot concept was introduced to improve UL coverage (PUSCH type-A repetition) and also to enhance the aperiodic SRS triggering and provide more flexibility. An UL of flexible slot is determined available for UL transmission if it has enough symbols to accommodate the UL transmission (e.g. A-SRS or PUSCH). However, the availability is determined only based on time availability.  With SBFD operation, UL slot and UL-subband in SBFD slot don’t have the same frequency resources. 
Observation 32: Available slot counting considered time availability of all symbols based on tdd-UL-DL patterns. 
Observation 33: The available frequency resources for UL transmission are not the same across the legacy UL symbols and SBFD symbols. 
Proposal 27: RAN1 to further study the impact/potential of enhancement of available slot counting in SBFD.
 SBFD dependent parameters and channel configuration 
The link quality and link adaptation are not the same across SBFD and TDD slots. For gNB UL reception in SBFD symbols, there could be desense due to residual self-interference, clutter echo or strong inter-gNB CLI. Similarly, for UE DL reception in SBFD symbols, there could be degradation due to inter-UE CLI. In addition, the number of transmit and receive antennas at the gNB are not the same for the SBFD slots and DL/UL slots. 
Observation 34: There is difference in link quality between SBFD slots and TDD slots due to residual self-interference , increased cross-link interference in SBFD slots and the different number of antennas between slots.
In addition, due to limited frequency resources of the UL subband as compared to the UL BWP, it is challenging to configure P/SP signals and channels (e.g. SRS, PUCCH, CG-PUSCH) with frequency resources that is aligned with targeted slots (either SBFD or TDD). One solution is have multiple sets of operation parameters pre-configured, and one set can be selected for use in a period. Operation parameters may include DL/UL PC, Rx/Tx timing, beam, BWP/CC configuration/activation, BW/subband configuration, etc. So that TDD and SBFD modes can apply different parameter sets to optimize the operation. With pre-configured TDD and SBFD parameter, UE can implicitly apply the corresponding parameter set at start of corresponding mode, which is beneficial for overhead reduction.
Observation 35: It is challenging or restricting to configure semi-static signals and channels within SBFD and TDD symbols. 
Proposal 28: RAN1 to further study SBFD specific signals and channel configuration (e.g. CG and SPS). 
Proposal 29: RAN1 to further study separate operation parameters can be pre-configured for TDD and SBFD slots.
TDD restrictions relaxation
In R15/16 due to TDD operation mode of the gNB, many restrictions rules on time-domain multiplexing of the DL/UL channels and signals were introduced. For instance, UE does not expect to have both dedicated configured reception and transmission on same RRC Flexible symbol. Another example is that UE does not receive PDCCH, PDSCH, CSI-RS on RRC UL symbols and neither transmit PUCCH, PUSCH, PRACH, SRS on RRC DL symbols.  The restrictions on simultaneous configuration of Rx and Tx should be relaxed for SBFD to improve resource utilization, reduce DL/UL switching delay and traffic latency. For example, UE can be scheduled with PDCCH, PDSCH, CSI-RS on valid RO symbols. gNB can prepare for both DL Tx and UL Rx simultaneously and can know either DL or UL is prioritized based on prioritization decision. Associated prioritization rules need to be defined. 


Figure 3‑5: Example for flexible slot restriction in TDD and possible relaxation in SBFD
Observation 36: R15/16 introduced resections on multiplexing DL/UL signals and channels at some slots.
· UE does not expect to have both dedicated configured reception and transmission on Flexible symbol.
· UE doesn’t transmit UL signal/channel at SSB symbol(s) and doesn’t receive DL signal/channel during valid RO (including gap)
· UE doesn’t receive on RRC UL symbols and doesn’t transmit on RRC DL symbols. 

Proposal 30: The restriction rules on the DL/UL channel/RS multiplexing can be relaxed in SBFD symbols for a SBFD-aware UE to improve resource utilization, reduce DL/UL switching delay and traffic latency. 
Time domain confliction
In the last RAN1 meeting #110bis-e, it was agreed to study and identify the cases of time domain conflicts for SBFD-aware UE between UL and DL directions in the same SBFD symbols. 
	Agreement
Identify if there are any cases of time domain conflict of UE’s UL and DL operation in the same SBFD symbol for SBFD aware UE 
· If there are, whether/how to avoid/handle such collision cases (as second step)




In general, in order to classify the different scenarios of possible collisions between UL and DL in SBFD symbols, the following definition can be used similar following similar discussion in Rel-16 TEI.
· Semi SFI D and U:  D and U symbols configured by TDD-UL-DL-ConfigurationCommon, or TDD-UL-DL-ConfigDedicated
· Semi SFI F: flexible symbols configured by TDD-UL-DL-ConfigurationCommon, or TDD-UL-DL-ConfigDedicated, when provided to a UE, or when TDD-UL-DL-ConfigurationCommon and TDD-UL-DL-ConfigDedicated are not provided to the UE
· RRC D: symbols corresponding to a higher-layer configured PDCCH, or a PDSCH, or a CSI-RS on semi SFI F of the same cell
· RRC U: symbols corresponding to a higher-layer configured SRS, or PUCCH, or PUSCH, or PRACH on semi SFI F of the same cell
· Dynamic D and U: symbols scheduled as D and U by DCI formats other than DCI format 2_0 on semi SFI F of the same cell.

Proposal 31: RAN1 to further study the SBFD-aware UE collision scenarios in SBFD symbols for the following cases, e.g.
· Semi SFI D/U vs RRC U/D
· Semi SFI D/U vs Dynamic U/D
· RRC D/U vs RRC U/D
· SBFD symbols with ROs 
· SBFD symbols with SSBs 

SBFD operation in SSB symbols
It was agreed to study whether to allow SBFD operation in SSB symbols. 
	Agreement
Study whether SBFD operation in SSB symbols is supported or not




In our view, it is important to allow SSBs to be configured in SBFD symbols. For example, considering {DUD} pattern in SBFD symbols as shown in , SSB can be configured in one of the two DL subbands (e.g. SSB is configured in the lower DL SB location already in some current commercial network). Whether SSB can be multiplexed with another UL signal/channel should be further discussed. 
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Figure 3‑6: SSB configuration in DL subband of SBFD symbol.
Proposal 32: SSB can be configured in DL subband in SBFD symbol. 
· FFS: whether SSB can be multiplexed with UL signal can be further discussed

ROs in SBFD symbols
Similar to the discussion of SBFD operation in SSB symbols, some ROs may occur in legacy downlink symbols with UL subbands (i.e., SBFD symbols). In current specifications, these ROs are not considered as valid ROs for unpaired spectrum. However, to improve the resource utilization in SBFD symbols, these ROs can be considered be valid for SBFD-aware UE.  
For RRC-connected mode, the UE doesn’t always send PRACH at the RO. Then, in some scenarios where UE doesn’t need to send RACH, the UE can receive downlink. For example, when PDSCH or other DL signal is scheduled or configured with DL reception simultaneously with RO in the same SBFD symbol, then the PDSCH or other DL signal can be prioritized if no RACH is transmitted by same UE on this RO e.g. RACH for BFR, PDCCH order. Otherwise, RO is prioritized over the DL reception.  For DG PDSCH to be prioritized, the corresponding scheduling offset should satisfy a minimum threshold. 
[image: ]
Figure 3‑7: Example for RO multiplexing with DL signal in SBFD symbol

Proposal 33: RO can be configured in UL subband in SBFD symbol. 
· FFS: whether RO can be multiplexed with DL signal can be further discussed.
· FFS: whether RO in SBFD symbols can be used  at least for only SBFD-aware

In addition, the relaxed restriction rule can be considered for both connected mode UE and idle UE to maximize the benefit. For example, the RO multiplexed with DL signal can be used by idle UE as well, e.g., for initial access. 
Proposal 34: The restriction rules on the DL/UL channel/RS multiplexing can be relaxed in SBFD symbols for both connected UEs and idle UEs. 


Inter-UE CLI (SBFD specific)
In the first RAN1 meeting #109e , the chair gave guidance how to split the discussion of CLI solution across the two agenda items of SBFD and dynamic TDD where common solutions for inter-UE CLIR for SBFD and dynamic/flexible TDD should be discussed in agenda 9.3.3 while SBFD specific schemes for both inter-UE and inter-gNB CLI is handled at AI 9.3.2.
	Guideline for future meetings
· Note: AI 9.3.3 handles the potential inter-gNB and inter-UE CLI handling schemes that are specific for dynamic TDD and schemes that are common for both SBFD and dynamic/flexible TDD.
· Note: AI 9.3.2 handles the potential inter-gNB and inter-UE CLI handling schemes that are specific for SBFD.

Agreement:
Study the feasibility and potential benefit of UE-to-UE co-channel CLI measurement and reporting, which can be specific for SBFD, at least includes:
· Measurement resource/reporting configuration
· Measurement/reporting details (including UE processing delay)
· Relevant information exchange (between gNBs) if needed
· Usage of measurement at gNB
Note: other enhancement(s) for gNB-to-gNB and UE-to-UE CLI handling specific for SBFD are not precluded.




In our companion paper [4], we discuss the CLI handling schemes that is common for SBFD and dynamic-TDD.  Given, the similarity of the study agreement for inter-UE CLI in the last RAN1 meeting #110. In this contribution, we discuss SBFD-specific CLI enhancement. The general framework is discussed in detail at our companion contribution of common techniques for CLI for both SBFD and dynamic/flexible TDD 
CLI measurement resource in UL and DL subbands
Inter-UE CLI will have two effects on DL reception of the victim UE in the DL subbands. First, the energy of the inter-UE CLI (within the UL subband) may affect the dynamic range of the DL signal as the AGC state will be set based on the total energy within the receiver bandwidth. In addition, the CLI may affect the linearity of the UE receiver and cause spectral regrowth due to the non-linear effects and may result into large image effect due to IQ mismatch. With assumptions that there is no change in UE RF arhiecture, the baseline assumption is no RF/LPF filter to reject the inter-UE CLI within the UL subband and there could large loss of dynamic range of the DL signal when there is large CLI and increased impairment effects. The second factor is the Tx-NL (leakage) within the DL subband. This component can’t be filtered and will cause direct impact on DL SINR. It is important to note that loss of dynamic range will reduce the DL SINR as well due to the quantization noise. Therefore, it is beneficial for gNB to have UE CLI reports based on the CLI measurements within the UL subband and DL subbands. 
Observation 37: Tx-CLI will affect the dynamic range for the reception of the DL signal while the CLI -leakage (NL) will reduce the DL SINR. Both factors will have direct impact on DL reception quality. 
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Figure 3‑8 Effect of inter-UE CLI on DL reception

Observation 38: It is beneficial for the network to configure the UE with CLI resources at the UL and DL subband to measure the CLI and CLI leakage accordingly.
Proposal 35: RAN1 to further discuss CLI measurement resources configuration in the DL and/or UL subbands.  
The reporting CLI metric depends on the CLI resource configuration, and which RS is configured. For example, Rel-16 CLI measurement framework could be reused for UL-subband configured CLI resources where UE measures the direct CLI in the UL subband and reports CLI-SRS-RSPR or CLI-RSSI.  On the other hand, for CLI measurements within the DL subband, it can be based on CSI-IM resource where UE measures and report CLI-RSSI or based on NZP CSI-RS where UE measures and reports SINR. 
Observation 39: The CLI measurements metrics depends on the CLI resource configuration, whether configured at UL or DL subband and which RS configured for the measurement (e.g., SRS, CSI-RS).
Proposal 36: For UL subband, RAN1 to further discuss CLI measurements reporting based on CLI-SRS-RSRP, and CLI-RSSI for UL-subband configured CLI resources and CLI-SINR and CLI-RSSI for CLI resources configured at the DL subband. 
Rel-16 framework is L3 based reporting with periodic CLI resources configuration. It was mainly designed to capture the long-term characteristics of the cross-link interference and it lacks the knowledge of the short-term or instantaneous CLI experienced by the UE especially in SBFD deployment where there is dynamics of CLI due to traffic condition, mobility and different slot types.  To adapt to the dynamic of CLI for SBFD operation and get accurate measurements and fast assessment of inter-UE CLI, L1/L2 reporting framework is needed.  In our companion paper [4], we discuss in more details the framework for L1/L2 CLI measurements and reporting. 
Subband CLI reporting
	Agreement
Study impact/potential enhancements for UE-to-UE CLI-RSSI measurement/report considering non-contiguous measurement resource in frequency.



Rel-16 CLL-RSSI measurement is based on contiguous RB configurations based on a start PRB index and number of PRB with multiple of 4. The UE always assumes actual CLI-RSSI resource bandwidth is within the DL BWP. Then, when a CLI resource is configured in SBFD symbols, it was agreed to study impact and potential enhancement for CLI-RSSI measurements and reporting. With the assumption that UE only measures the CLI in the DL subband, then the UE can implicity determine the frequency resources for CLI measurement bandwidth within each subband by excluding the UL subband and any guardband. 
Proposal 37: UE implicitly determines the non-contiguous frequency resources for CLI-RSSI measurement in the DL subband(s).
Rel-16 CLI framework does not support subband CLI reporting, i.e., reporting CLI for one or more configured subbands in the measurement bandwidth. It supports single CLI reporting per CLI resource which may not be suitable for measuring CLI leakage from an adjacent subbands in SBFD, since CLI leakage to adjacent subbands is non-uniform over the measurement bandwidth as shown in Figure 3‑9

                     
[bookmark: _Ref111190859]Figure 3‑9: CLI subband reporting
Observation 40: Rel-16 CLI framework does not support subband CLI reporting, i.e., reporting CLI metric for one or more subbands in the measurement bandwidth. 
Observation 41: In SBFD, CLI leakage to adjacent subbands is not uniform over the measurement bandwidth and may require subband CLI reporting.
Proposal 38: Support subband-based inter-UE CLI reporting for accurate measurement of CLI leakage in SBFD. RAN1 to further discuss subband configurations within the CLI resource. 
To reduce the reporting overhead, similar concept of CLI threshold could be reused. Where only UE report CLI measurements in specific subbands where CLI exceed the CLI threshold. In addition, differential CLI differential report can be considered to reduce ovheread where an absolute CLI value is reported for strongest SB and relative values reported for other SBs.
Proposal 39: To reduce subband CLI reporting overhead, UE report CLI measurements in specific subband(s) where CLI exceeds a configured CLI threshold. 
· In addition, differential CLI reporting could be considered to reduce the overhead. 
Relevant info exchange and CLI measurements usage
The CLI measurements at the victim UE could be due to aggressor UEs in the same cell (intra-cell CLI) or aggressor UE in adjacent cells (inter-cell CLI).  Relevant information exchange is helpful for the inter-cell CLI use-case. In that scenario, gNB can either exchange the CLI resource configurations and/or CLI measurements.  This exchange of information is beneficial to identity aggressor UEs which is helpful for scheduling decision and UE grouping as discussed in section 2.8.
Proposal 40: gNB to exchange information of the CLI resource configurations and/or CLI measurements.  

Inter-gNB CLI (SBFD specific)
UL/DL subband info exchange across cells
In Release 16, the intended TDD DL/UL configuration is exchanged across cells for dynamic TDD operation. For SBFD operations, then the exchange of the intended UL/DL subband configuration in both time and frequency across cells is beneficial. There are few examples that can benefit from this information exchange. One scenario, when cells have different UL/DL configurations as categorized by case 2 deployment scenario in AI 9.3.1. Another example is when one cell changes the time pattern of the SBFD symbols. 
Observation 42: The exchange of the UL/DL subband locations is beneficial for inter-gNB CLI avoidance in SBFD deployment, e.g. for deployment case where cells have different UL/DL subband configurations. 
Proposal 41: Support exchange of the UL/DL subband locations between the cells.
subband-based inter-gNB CLI reporting
Inter-gNB CLI leakage to adjacent RBs/subbands is not uniform over the measurement bandwidth and may require inter-gNB subband CLI reporting. Measuring gNB can report inter-gNB CLI metric per measuring subband for a given inter-gNB CLI resource to reflect potential different CLI levels per measuring subband. For gNB SBFD, the measuring subband could align with the downlink and uplink subbands (SBs) for SBFD operation to measure inter-subband leakage and intra-subband blocking (receiver dynamic range / receiver AGC blocking) or not align with the the downlink and uplink subbands for SBFD operation to measure sub-SB CLI for better granularity (edge RBs and center RBs of the SBFD subband may have different CLI levels). The inter-gNB subband measurement report could be done via BH signaling or OTA signaling from measuring gNB to CU or from measuring gNB to a neighbor gNB/DU.
Proposal 42: Support subband-based inter-gNB CLI reporting for accurate measurement of CLI leakage in SBFD.

[bookmark: _Ref525738522][bookmark: _Ref471731770][bookmark: _Ref462669569]Feasibility of subband non-overlapping full duplex gNB  
Self-interference mitigation techniques
To enable proper reception of the uplink signal at the gNB receiver with simultaneously transmission DL signal, gNB should mitigate the direct self-interference ‘leakage’ and any significant clutter reflections. The self-interference could be mitigated by different techniques such as spatial isolation, analog subband filter, analog interference cancellation, beamforming and digital interference cancellation.  In the next sections, we discuss in detail the knobs for gNB transceiver that enable the mitigation of both component of self-interference, namely direct leakage and clutter reflections. 
Spatial isolation
gNB Radio unit architecture with two physically separated panels for simulations transmission and reception enable large spatial isolation. A large spatial isolation capability of the gNB would facilitate the subband full duplex operation without the need of subband filters and or duplexer. The physical separation between the two panels could be used to add electro-magnetic spatial duplexer that enhances the spatial isolation between the panels. Qualcomm has built a 3.4 GHz Massive MIMO antenna arrays with spatial duplex as show in Figure 4‑1 and validated the feasibility of self-interference mitigation without needs of subband filters. 
Observation 43: Two separate panels with added EM spatial duplexer enables large spatial isolation which facilitate gNB full duplex without the need of complex RF circuitry of analogy interference cancelation or subband filters. 

        
[bookmark: _Ref101476857]Figure 4‑1: Massive MIMO antenna arrays with spatial duplexer
RF measurements for the Tx-Rx spatial has been conducted and results are shown in Figure 4‑3. Each curve represents the spatial isolation measured between all transmit chains of one array to one receiver chain of the other array. This includes the near field transmit and receive antenna gains. The results show more than 80 dB of isolation is achieved at the band of interest. 
Observation 44: More than 80 dB of spatial isolation could be achieved using two separate panels with spatial duplexer.


Figure 4‑2: RF measurements of Tx-Rx spatial isolation between for FR1
For FR2, RF measurements for the Tx-Rx spatial has been conducted at 28 GHz frequency with two separate panels. The Tx and Rx measurement setup of the full duplex antenna array is shown in Figure 4‑3. This measurement setup is on top of the building roof with antenna pointing to the sky, in which case could be without clutter impact or with negligible clutter impact. In this setup, the Tx and Rx beam sweeping is synchronized which is the worst-case scenario - without including clutter. 
The measurement results show at least 80-90 dB spatial isolation can be achieved between the two Tx and Rx panels as illustrated in Figure 4‑4. If the antenna array center-to-center distance is 65 cm, the spatial isolation could be achieved at -86.9 dB or better. If the antenna array center-to-center distance is adjacent, the spatial isolation could be achieved at -83.7 dB or better.
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[bookmark: _Ref102096852]Figure 4‑3: Measurement setup for Tx-Rx spatial isolation of the full duplex antenna array at 28 GHz.
Worse case isolation -83.7dB. 
Worse case isolation -86.9dB. 

[bookmark: _Ref102097143]Figure 4‑4: RF measurements of Tx-Rx spatial isolation between two subarrays for FR2 

Observation 45: For FR2, more than 80-90 dB of spatial isolation could be achieved using two separate panels at 28 GHz frequency.
Frequency isolation
Frequency multiplexing of the DL and UL using non-overlapping DL and UL subbands provides large frequency isolation for the UL signal reception. The value of the frequency isolation represents the ratio of the power of non-linear leakage into the UL subband to the power of the DL signal at the DL subband. This ratio should be approximated by the ACLR value. 


Figure 4‑5: Frequency isolation 
Lab measurements were conducted to capture the leakage power from the DL signal into the UL subband. The allocation of DL signal bandwidth was varied from 32 to 112 RBs per the DL subband starting from edge DL RB to UL subband. The measured leakage power ratio (i.e. frequency selectivity) per RB in the UL subband for the different DL signal bandwidth is shown in Figure 4‑1. 
[image: ]-45 dBc ACLR

Figure 4‑6: Per-RB adjacent subband leakage ratio (dBc)
With few RBs offset from the edge DL RB, the leakage power is almost flat across the RBs. These few RBs are utilized as guard band to protect the UL signal from higher self-interference in case not rejected by some receiver filtering. The value of the per-RB leakage power ratio could be approximated as flat (non-frequency selective) value given by the ACLR value (45/28 dBc) + 10 log10 (RBs) for FR1/FR2 respectively. As shown in the figure, this approximation is an upper bound for the actual leakage within the UL subband. 
Observation 46: The frequency isolation could be approximated as flat, non-frequency selective profile and its value per-RB is 
In addition to the lab measurement, another evaluation study was conducted to evaluate the subband leakage ratio (a.k.a frequency isolation) using RAPP PA model [3] which was used for 3GPP NR spectrum utilization in Rel-15. For 80 MHz system bandwidth, the 60 MHz DL subband is allocated with 161 RBs (starting from first RBs at band edge) and the 20 MHz UL subband is allocated with 51 RBs. A guard band of 5RBs in between UL and DL subband. The Tx waveform is pushed to the PA to derive max Tx power of 47 dBm. The subband LR (or frequency isolation) is defined at the ratio between the power leakage within the 20 MHz UL subband as compared to the transmit signal power within the 60 MHz DL subband as shown in Figure 4‑7.
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[bookmark: _Ref102099047][bookmark: _Ref102099043]Figure 4‑7 PSD of DL waveform and frequency isolation (LR)
Observation 47: Evaluation results show more than 45 dB of frequency isolation for FR1 is achievable with 5 RBs guard band and max DL Tx Power which is aligned with the assumption of 45 dB ACLR.
Rx filtering 
To improve the receiver selectivity, a subband analog filtering could be utilized. However, this may be challenging for massive MIMO deployment to add per chain or per antenna element subband analog filter. This filter is needed to protect the RFFE from the large DL signal blocker that may saturate the receiver. However, if the antenna panels provide large spatial isolation, this subband filter is not needed. In addition to complexity and cost of RF subband filter, each channel may require separate filter which means multiple filters are needed based on the operator spectrum which complicate the RFFE design and add extra insertion loss for the signal. 
Observation 48: Subband filtering may improve gNB Rx selecting for self-interference, however, it is very challenging for massive MIMO deployment, add extra cost and complexity for supporting SBFD in multiple channels and adds insertion loss. 
Observation 49: With enough spatial isolation between the panels, there is no need for RF subband filtering. 

On the other hand, to improve the receiver dynamic range, a baseband analog LPF may be used to reject most of DL signal blocker. After the ADC, a digital LPF could be used to reduce the remaining blocker. 
Observation 50: A baseband analog LPF may be used to reject the DL blocker and improve the ADC dynamic range. 
For FR2, subband analog filtering may not be needed for the base station. Other techniques such as well-designed PA can achieve ACLR requirement. It is feasible for implementation without RF filtering for FR2.
Observation 51: For FR2, it is feasible for implementation to achieve ACLR requirement without RF filtering.
Beam isolation and beamforming/nulling 
In FR1, the DL precoder and UL combiner weights could be optimized to provide some beamform nulling for the clutter and/or self-interference. The massive MIMO antenna has large number of degrees of freedom in both digital and analog (i.e. hybrid beamforming) that provide the ability to create some spatial nulls. Beamforming nulling is an efficient technique for clutter mitigation.
Observation 52: In massive deployment, the large number of digital and analog degrees of freedom can be utilized to provide spatial Tx/Rx beamform nulling for self-interference and clutter mitigation
In FR2, spatially isolated and narrow Tx and Rx beam could be selected to provide extra ‘beam’ isolation, which is a combined factor with the antenna isolation. For direct leaked self-interference, it is less related to the beam direction although there is still some dependence. However, for clutter, the signal transmitted from the Tx panel goes through the wireless medium, scattered by the reflectors and then gets back to the Rx panel, which generally has longer delay compared with direct leaked self-interference. The clutter is direction specific, in which case proper selection of Tx and Rx beam pair can alleviate such clutter impact. 
For FR2, clutter measurements have been conducted. The measurement was conducted at a typical conference room.  The measurement setup and results are shown in Figure 2-8.  In the measurement setup, the Tx and Rx beam sweeping is synchronized, which is the worst-case scenario.
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Figure 4‑8: Clutter measurements 
Observation 53: For FR2, the measured 28/39GHz path loss between Tx and Rx antennas including clutter reflections is typically approximately 80 dB or better for empty conference room environment.
· Higher path loss is generally observed for larger angular separation between Tx and Rx beams.

Digital self-interference mitigation
In some scenarios to further mitigate the remaining self-interference and enable high MCS, it may be needed to cancel out the non-linear leakage from the DL signal into the UL subband. With the knowledge of the DL samples and the non-linear model, an adaptive filter can be used to synthesize the non-linear leakage and cancel it out from the Rx signal as shown in Figure 4‑9. This technique can be used for cancellation of both self-interference and clutter echo by having multiple taps cancellation. 


[bookmark: _Ref102100965]Figure 4‑9: Digital self-interference cancellation 

Observation 54: The residual self-interference including both direct leakage and clutter echo can be cancelled using non-linear digital cancellation algorithm.
For FR1 massive deployment with large number of TxRU, the design of self-inference cancellation is massive as it requires cancellation of the combined leakage from all transmit TxRU. However, some design technique could be leveraged to reduce complexity of the digital interference cancellation engine.
In FR2, non-linear interference cancellation (NLIC) measurements have been conducted at 60 GHz band for full duplex measurements. The measurement was conducted at a typical conference room. The measurement setup and two antenna panels with different polarization of 90 degreesa are shown in Figure 4‑10 .
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[bookmark: _Ref102102117]Figure 4‑10: NILIC measurement set up (left) and measurements antenna (right) @ 60GHz. 

For FR2, the measurement results are shown in Figure 2-12 for both low MCS and high MCS. With this measurement setup, the results show that NLIC could provide ~10 dB improvement on SNR. 
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Figure 4‑11: NILIC measurement results @ 60GHz. 
Observation 55: Digital NLIC can provide additional isolation and improvement to alleviate self-interference.
Self-interference Link-budget
The self-interference of DL signal at the receiver side acts a blocker that could saturate the LNAs and/or reduce the dynamic range of the A/D. In addition, the non-linearity (InterMods) leakage within the UL subband will act as inband jammer that may reduce the UL signal SINR. Therefore, a link budget analysis is important to derive the requirements needed to make sure that the receiver front end is not blocked and 2) minimal decrease or degradation of the UL reception. 



Figure 4‑12: Blocker and desnse of gNB receiver

	
	Out of subband blocker
	In subband jammer

	Ant. isolation
	>80 dB
	>80 dB

	Freq. isolation (ASLR)
	0
	45 dB

	Tx/Rx beam nulling or beam isolation
	5~10 dB 
	5~10 dB

	Digital IC
	0 dB
	10~15 dB



For the blocker, there is usually a limit on the maximum received power at the antenna to make sure the RF front end is not saturated, and LNA linearity is maintained. Usually, base-station receiver has large dynamic range and can accommodate large blocker power (e.g. – 40 dBm).  For the in-band jammer, there is a limit on the required amount of decrease (or increase of the UL SINR or IoT) compared to the self-interference free scenario. 
The blocker power and non-linear leakage power is given by
 

Considering a typical Macro cell with 45 dBm Tx power over 100 MHz component carrier bandwidth with two DL subbands of 40MHz at each side and 20 MHz UL subband in the middle. The thermal noise floor is – 96 dBm assuming 5 dB of NF and -174 dBm/Hz thermal noise. Figure 4‑13 shows the amount of UL desense (IoT) versus the required Digital IC with assumptions of 80 and 85 dB of spatial isolation, 45 dBc of frequency isolation and 10 dB of beamform nulling. To reach 1dB desnse (where residual self-interfernce is 6 dB below noise floor), 7dB and 12 dB of digital IC is required respectively. 
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[bookmark: _Ref102104503]Figure 4‑13: RoT vs different digital IC requirement for FR1 massive MIMO deployment

For FR2, considering a typical dense urban deployment scenario, focusing on direct self-interference without clutter, with Tx power 25 dBm over 100 MHz component carrier bandwidth per DL direction for subband full duplex, with assumption of 90 dB antenna isolation, 28 dB frequency isolation, 10 dB of digital IC as shown in below table, 128 dB isolation could be achieved at the base station and the self-interference level of -103 dBm. Considering DL subbands of 40MHz at each side and 20 MHz UL subband in the middle, the thermal noise floor is – 94 dBm assuming 7 dB of NF and -174 dBm/Hz thermal noise. That analysis shows that the self-interference level could be negligible, which is 9 dB lower than the thermal noise floor and result in a IoT value of 0.515 dB.
	
	In subband jammer

	Ant. Isolation (with beam isolation)
	~80-90 dB

	Freq. isolation (ASLR)
	~28 dB

	Digital IC
	~10 dB



In general, for FR2, full duplex feasibility can be achieved with natural high antenna/beam isolation with additional ways to improve isolation, e.g. blocker design, NLIC. Addition frequency separation will further improve isolation and may alleviate the NLIC requirement. Tx/Rx beam pair selection provides another degree of freedom to mitigate self-interference, especially in presence of clutter. 
Observation 56: Self-interference could be mitigated by means of spatial isolation, frequency isolation and digital IC which makes SBFD feasible with minimal impact on UL degradation. 

Inter-site spatial isolation 
for co-site deployments, gNB needs to employ enough CLI mitigation techniques to ensure successful reception of its UL signal in presence of near-field interference of the other sectors. Such mitigation capability is similar to the self-interference capability mentioned in Section 3.1 (spatial isolator). One possible solution is to improve the spatial isolation by adding the EM absorber on the sides of each sector and additionally in between the sectors (if needed) as shown in the figure below. This structure could bring at least similar spatial isolation as the case of self-interference. In addition, if further isolation is needed, digital cancellation can be used. Another solution is based on having some specification on the maximum radiation pattern (e.g. radiation mask) for angles towards other two sectors (i.e. past +/- 60 degrees). 



Figure 4‑14: improved spatial isolation between sectors in one site
Observation 57: For co-site deployment, gNB should have mitigation capability for the CLI of the co-sited sectors by means of improved spatial isolators and additional digital interference cancellation.
· In addition, there could be some specification/requirement on the maximum radiation pattern towards the other co-sited sectors. 

Qualcomm OTA SBFD Demonstration 
SBFD feasibility for macro cell deployment was validated by prototype SBFD gNB than can simultaneously transmit and receive in the same spectrum band while coexisting with neighbouring half-duplex cells. An OTA live demonstration shows Sub-band Full Duplex capable gNodeB operating at 3.5 GHz band with 100 MHz bandwidth radiating at Tx EIRP of 60dBm with separate 256 x-poles uplink and downlink subpanels and 64 digital chains. Sub-band full duplex divides the total system bandwidth into downlink and uplink sub-bands of 80 and 20 MHz, respectively. In this demonstration, two commercial UEs at distances of more than 800m away from the gNB have been used for simultaneous DL and UL communication with the full duplex gNB. 
[image: ]

For the baseline scenario, an uplink-centric UE is connected to the gNodeB from more than 800 meters away and is being served with 20 MHz of the total bandwidth. The UL throughput is 40Mbps and SINR is ~18dB, UL MCS is 24 and Rank is 1. Then, a downlink-centric UE is added to the system. With sub-band full duplex enabled, the downlink-centric UE is served by the gNodeB in the same time slot. The throughput and SINR of uplink-centric UE remains roughly the same even with the addition of downlink-centric UE.
This demo concluded the feasibility of Sub-band full duplex feature in wide-area deployments which can improve system capacity, latency, and efficiency. 
Observation 58:  A prototype of full duplex base station was demonstrated and validated feasibility of Sub-band full duplex gNB in wide-area deployments. 
Conclusion 
In this contribution, we discussed the feasibility and techniques for enabling subband non-overlapping full duplex including interference mitigation and coexistence with legacy. Here is the list of the observations:
Observation 1: SBFD operation across multiple component carriers can be achieved using two different design alternatives. 
· Alt1: intra-band CA using different TDD-DL-UL pattern across the CCs
Alt2: Reusing the same design concept of SBFD within component carrier across the CCs.
· 
Observation 2: SBFD operation across multiple CCs requires UE supports of CA as prerequisite while CA framework has some inherent UE complexity. 
Observation 3: Compared to single-CC SBFD, CA-based SBFD has some limitation where DL and UL BW is restricted to the component carrier bandwidth while the inter-channel guardband can’t be utilized. 
Observation 4: CA-based SBFD operation is interesting for higher band (e.g. FR2-1). 
Observation 5: SBFD operation at legacy UL slot is not precluded in Rel-18 study item. 
Observation 6: SBFD operation at legacy UL slot is beneficial in multiple deployment scenarios, e.g., greenfield deployment and UL heavy deployment (InH/InF) to reduce DL blockage and improve DL coverage. 
Observation 7 Legacy DL slot is important to protect DL reception of UEs that suffer from strong CLI especially when receiving common signalling and UEs that don’t support Rel-16 CLI framework. 
Observation 8 Transparent SBFD operation (Alt 1) using current 3GPP specification is possible. However, there are restrictions and limitations. 
· gNB to rely on dynamic scheduling within the SBFD slots and signals these slots as flexible on the cell-specific configuration.
· Limited usage of configured UL signals/channels within the SBFD slots (e.g. SRS, CG, hopping, etc)
· CSI-RS report overheads for the two DL subbands and limitation on PDSCH scheduling on both subbands

Observation 9 Non-Transparent SBFD operation (Alt 4) resolves the limitation/restriction of transparent SBFD (Alt 1) and allow for the following benefits:
· Improved UE selectivity, filtering and possible power savings due to reduced sampling rate.
· SBFD-aware can transmit UL in RRC configured DL and vice versa
· Enable some enhancement on resource allocation (e.g. CSI-RS) and subband scheduling. 
· Enable slots dependent configurations (e.g power control and timing)

Observation 10: It is beneficial for the HD UE to be aware of gNB full duplex operation in specific slot format and the frequency resource’s locations of the DL and UL subbands. 
Observation 11: There is no extra benefits or gains for SBFD operations using alternative 2-3 over alternative 4. 

Observation 12: SBFD operation using only Alt 4 achieves all gains of gNB SBFD operations and simplify UE behaviour (only one scheme can be specified).

Observation 13 SBFD gNB may not need a guardband between UL and DL subband. However, from UE perspective, a guardband may be needed to reduce inter-UE CLI given there is no (or small) UE selectivity. 
Observation 14 Based on LLS, increasing the guardband between the scheduled DL and UL helps reducing the inter-UE CLI and recovering some TPUT loss. When inter-UE CLI is too large due to close UEs proximity, increasing the guardband is not helpful.
Observation 15: Semi-static configuration of the UL/DL subbands is essential for the SBFD operation. 
Observation 16: Whether to explicitly or implicitly indicate the frequency location of other subbands depends on the gNB capability of SBFD operation with or without a guardband respectively. 
Observation 17: Dynamic indication/update of the UL/DL subband can be useful in some scenarios (e.g. gNB fallback to HD mode due to strong interference and dynamic DL or UL scheduling after slots updates or adapting to the UL/DL traffic loads). 
Observation 18: For SBFD scheme within a single configured UL/DL BWP pair:
· Non-aligned UL/DL BWP could be beneficial for some scenarios, e.g., narrowband UL/DL BPW for initial access or default BWP. 

Observation 19: For SBFD operation using more than one configured DL and UL BWP pair where each subband configured as BWP, it requires a lot of specification impacts and complicate UE behavior. 
· Requires two active BWPs at a time, each configured with its own DL/UL TDD pattern.
· Requires cross-BWP scheduling and cross-BWP HARQ feedback.
· Complicates BWP switching mechanism
· Requires non-aligned BWP center frequency  
· Requires some restriction rules may be needed to have common parameters for both DL BWPs
· RRC signalling overhead

Observation 20: For SBFD operation using more than one configured DL and UL BWP pair where one BWP pair is configured for TDD operation and the pair is configured for SBFD operation, it requires less specification impact mainly to enhance the BWP framework (e.g. non-contiguous RB for BWP, non-aligned UL/DL center freq.)
· One UL/DL BWP pair is active at a time
· Semi-static configuration of BWP switching pattern to reduce BWP switching delay.
· Enable UE to enhance BWP-based selectivity/filtering to reduce inter-UE CLI.

Observation 21: SBFD operation should target both SBFD-aware UE and non SBFD-aware UE including both legacy UE and Rel-18+ UEs that are not SBFD-aware.  
Observation 22: Restriction SBFD operation to symbols configured as DL in TDD-UL-DL-ConfigCommon will prevent non SBFD-aware UE from UL subband transmission.
Observation 23: Option #1 is sufficient baseline for SBFD operation of SBFD-aware in downlink symbols with UL-subband UE and conforms with basic assumption/understandings of UL/DL subband operation. 

Observation 24: Options 2-4 increases the CLI, contradicts with basic understanding of UL/DL subband traffic direction and increases complexity and timeline for adaptive RF tunning and filtering. 

Observation 25: Dynamic SBFD symbol update (e.g., fallback to TDD mode or adapting subbands) provides the same functionality and flexibility of options 2, 3 and 4.  

Observation 26: UE indication of the UL/DL subband configurations at initial access is beneficial to enable:
· Improve UL coverage for RACH messages by enabling repetition and/or frequency hopping
· Enable additional RACH occasions which reduce the collision of the CBRA
· Reduce the latency for random/initial access procedure.

Observation 27:  Transparent SBFD operation based on current 3GPP specification is possible.
· SBFD symbols configured as flexible to enable dynamic UL/DL scheduling.
· DL scheduling across both DL SBs using RA Type 0 with some limitation on granularity.
· CORESET #0, SIB1 and Type-0 CSS can be configured in one the DL subband. Other CORESETs are very flexibly configured using bitmaps.
· CSI-RS per each DL subband or wideband CSI-RS configuration in DL slot
· Wideband SRS in UL symbols to enable DL CSI acquisition. 

Observation 28:  For CSI-RS in SBFD symbols, gNB can configure:
· Option1: Two contiguous CSI-RS resources per each subband and a single CSI report linked to the two resources. 
· Option 2: Non-contiguous CSI-RS across the two DL subbands.

Observation 29: UE complexity increases to process the CSI-RS across the two DL subbands which increase CSI processing latency.
Observation 30: The FDRA for RA Type 0 is flexible to enable DL scheduling across the two subbands.  There could be some restriction on scheduling flexibility if subbands are not aligned with the RBG grid. 
Observation 31: A separate PUCCH resource set for SBFD operation is useful to enable PUCCH configuration at edge of the UL subband and to account for the different UL link quality and the different antenna/panels configuration at SBFD symbols than normal UL slot.
Observation 32: Available slot counting considered time availability of all symbols based on tdd-UL-DL patterns. 
Observation 33: The available frequency resources for UL transmission are not the same across the legacy UL symbols and SBFD symbols. 
Observation 34: There is difference in link quality between SBFD slots and TDD slots due to residual self-interference , increased cross-link interference in SBFD slots and the different number of antennas between slots.
Observation 35: It is challenging or restricting to configure semi-static signals and channels within SBFD and TDD symbols. 
Observation 36: R15/16 introduced resections on multiplexing DL/UL signals and channels at some slots.
· UE does not expect to have both dedicated configured reception and transmission on Flexible symbol.
· UE doesn’t transmit UL signal/channel at SSB symbol(s) and doesn’t receive DL signal/channel during valid RO (including gap)
· UE doesn’t receive on RRC UL symbols and doesn’t transmit on RRC DL symbols. 

Observation 37: Tx-CLI will affect the dynamic range for the reception of the DL signal while the CLI -leakage (NL) will reduce the DL SINR. Both factors will have direct impact on DL reception quality. 
Observation 38: It is beneficial for the network to configure the UE with CLI resources at the UL and DL subband to measure the CLI and CLI leakage accordingly.
Observation 39: The CLI measurements metrics depends on the CLI resource configuration, whether configured at UL or DL subband and which RS configured for the measurement (e.g., SRS, CSI-RS).
Observation 40: Rel-16 CLI framework does not support subband CLI reporting, i.e., reporting CLI metric for one or more subbands in the measurement bandwidth. 
Observation 41: In SBFD, CLI leakage to adjacent subbands is not uniform over the measurement bandwidth and may require subband CLI reporting.
Observation 42: The exchange of the UL/DL subband locations is beneficial for inter-gNB CLI avoidance in SBFD deployment, e.g. for deployment case where cells have different UL/DL subband configurations. 
Observation 43: Two separate panels with added EM spatial duplexer enables large spatial isolation which facilitate gNB full duplex without the need of complex RF circuitry of analogy interference cancelation or subband filters. 
Observation 44: More than 80 dB of spatial isolation could be achieved using two separate panels with spatial duplexer.
Observation 45: For FR2, more than 80-90 dB of spatial isolation could be achieved using two separate panels at 28 GHz frequency.
Observation 46: The frequency isolation could be approximated as flat, non-frequency selective profile and its value per-RB is 
Observation 47: Evaluation results show more than 45 dB of frequency isolation for FR1 is achievable with 5 RBs guard band and max DL Tx Power which is aligned with the assumption of 45 dB ACLR.
Observation 48: Subband filtering may improve gNB Rx selecting for self-interference, however, it is very challenging for massive MIMO deployment, add extra cost and complexity for supporting SBFD in multiple channels and adds insertion loss. 
Observation 49: With enough spatial isolation between the panels, there is no need for RF subband filtering. 
Observation 50: A baseband analog LPF may be used to reject the DL blocker and improve the ADC dynamic range. 
Observation 51: For FR2, it is feasible for implementation to achieve ACLR requirement without RF filtering.
Observation 52: In massive deployment, the large number of digital and analog degrees of freedom can be utilized to provide spatial Tx/Rx beamform nulling for self-interference and clutter mitigation
Observation 53: For FR2, the measured 28/39GHz path loss between Tx and Rx antennas including clutter reflections is typically approximately 80 dB or better for empty conference room environment.
· Higher path loss is generally observed for larger angular separation between Tx and Rx beams.

Observation 54: The residual self-interference including both direct leakage and clutter echo can be cancelled using non-linear digital cancellation algorithm.
Observation 55: Digital NLIC can provide additional isolation and improvement to alleviate self-interference.
Observation 56: Self-interference could be mitigated by means of spatial isolation, frequency isolation and digital IC which makes SBFD feasible with minimal impact on UL degradation
Observation 57: For co-site deployment, gNB should have mitigation capability for the CLI of the co-sited sectors by means of improved spatial isolators and additional digital interference cancellation.
· In addition, there could be some specification/requirement on the maximum radiation pattern towards the other co-sited sectors. 

Observation 58:  A prototype of full duplex base station was demonstrated and validated feasibility of Sub-band full duplex gNB in wide-area deployments. 
Here is the list of the proposals:
Proposal 1: SBFD operation across multiple components is studied at later stage in Rel-18 after establishing the baseline study of SBFD operation within component carrier.
Proposal 2: Not all DL slots are used for SBFD operation.
Proposal 3: The maximum number of DL subbands for SBFD operation in legacy UL symbols within a TDD carrier is one. The DL subband can be located at one side of the carrier (UDU pattern) or at the middle of carrier (UD, DU) pattern depending on RAN4 feasibility

Proposal 4: Non-transparent SBFD operation using Alt-2 and Alt-3 are not considered in Rel-18.

Proposal 5: RAN1 to further discuss UE-specific guardband configuration.
Proposal 6: The frequency location of the guardband(s) are explicitly indicated (if any). 
Proposal 7: The other subband(s) are implicitly determined based on the bandwidth of the component carrier bandwidth and excluding the frequency location of the UL subband and the guardband
Proposal 8: The period for SBFD operation is based on the periodicity of the TDD-DL-UL pattern(s). 
Proposal 9: Support cell-common semi-static configuration of the time and frequency location of UL/DL subbands and guardband for SBFD operation. 

Proposal 10: Support dynamic indication/update of the at least time locations of the SBFD subbands.
· FFS: dynamic indication/update of the frequency locations of the DL and/or UL SBFD subbands.

Proposal 11: RAN1 to further discuss enhancement for SBFD operations using two or more BWP pairs with single active UL/DL BWP pair and semi-static switching of BWP pattern. 

Proposal 12: Support semi-static configuration of UL subband in symbols configured as ‘downlink’ or ‘flexible’ in TDD-DL-UL-ConfigCommon.

Proposal 13: Support only Option 1 as the baseline for SBFD-aware UE scheduling.
UE can be configured to measure CLI in the UL subband for AGC blocking and/or LNA compression

Proposal 14:  RAN1 to study potential benefits of initial access for SBFD-aware UE
Proposal 15: Support broadcast of the UL/DL subband locations for the initial UL/DL BWP for SBFD-aware UE.
Proposal 16: Support configurations of initial access messages on UL subbands of SBFD symbols for both RRC-idle and RRC connected UEs.
Proposal 17: Study mechanism to facilitate SBFD aware UE to select SBFD capable cells.

Proposal 18: gNB should handle legacy UE by utilizing Rel-16 CLI framework and proper scheduling. 
Proposal 19: For the coexistence study of legacy UE, No change in UE RF requirements. 
Proposal 20: UL-subband and guardband are considered as non-available resources for DL reception. PDSCH symbols are rate-matched around these resources and DMRS
Proposal 21: RAN1 to further study non-contiguous frequency resources configuration of the CSI-RS and impact to UE CSI processing and reporting latency. 
Proposal 22: RAN1 to further study partial CSI subband reporting at the edges of the DL subband(s) boundaries. 
Proposal 23: Any further optimization for the FDRA field in scheduling DCI should be well motivated, e.g., partial RBG at DL subband(s) boundaries.
Proposal 24: RAN1 to discuss separate PUCCH configuration for SBFD and UL slot.
Proposal 25: RAN1 to discuss PUCCH transmission across with inter-slot frequency hopping across multiple SBFD and UL slots. 
Proposal 26: RAN1 to further study the impact/potential enhancement of frequency hopping with SBFD operation.
Proposal 27: RAN1 to further study the impact/potential of enhancement of available slot counting in SBFD.
Proposal 28: RAN1 to further study SBFD specific signals and channel configuration (e.g. CG and SPS). 
Proposal 29: RAN1 to further study separate operation parameters can be pre-configured for TDD and SBFD slots.
Proposal 30: The restriction rules on the DL/UL channel/RS multiplexing can be relaxed in SBFD symbols for a SBFD-aware UE to improve resource utilization, reduce DL/UL switching delay and traffic latency. 
Proposal 31: RAN1 to further study the SBFD-aware UE collision scenarios in SBFD symbols for the following cases, e.g.
· Semi SFI D/U vs RRC U/D
· Semi SFI D/U vs Dynamic U/D
· RRC D/U vs RRC U/D
· SBFD symbols with valid ROs 
· SBFD symbols with SSBs

Proposal 32: SSB can be configured in DL subband in SBFD symbol. 
· FFS: whether SSB can be multiplexed with UL signal can be further discussed

Proposal 33: RO can be configured in UL subband in SBFD symbol. 
· FFS: whether RO can be multiplexed with DL signal can be further discussed.
· FFS: whether RO in SBFD symbols can be used  at least for only SBFD-aware

Proposal 34: The restriction rules on the DL/UL channel/RS multiplexing can be relaxed in SBFD symbols for both connected UEs and idle UEs.

Proposal 35: RAN1 to further discuss CLI measurement resources configuration in the DL and/or UL subbands
Proposal 36: For UL subband, RAN1 to further discuss CLI measurements reporting based on CLI-SRS-RSRP, and CLI-RSSI for UL-subband configured CLI resources and CLI-SINR and CLI-RSSI for CLI resources configured at the DL subband. 
Proposal 37: UE implicitly determines the non-contiguous frequency resources for CLI-RSSI measurement in the DL subband(s).
Proposal 38: Support subband-based CLI reporting for accurate measurement of CLI leakage in SBFD. RAN1 to further discuss subband configurations within the CLI resource. 
Proposal 39: To reduce subband CLI reporting overhead, UE report CLI measurements in specific subband(s) where CLI exceeds a configured CLI threshold. 
· In addition, differential CLI reporting could be considered to reduce the overhead. 

Proposal 40: gNB to exchange information of the CLI resource configurations and/or CLI measurements.  
Proposal 41: Support exchange of the UL/DL subband locations between the cells.
Proposal 42: Support subband-based inter-gNB CLI reporting for accurate measurement of CLI leakage in SBFD.
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