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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction 
[bookmark: OLE_LINK12]In RAN#94e meeting, the study item of Study on evolution of NR duplex operation has been approved [1]. The detailed objectives in RAN 1 part are as follows: 
	· Objectives – RAN1 part
· Identify applicable and relevant deployment scenarios and use cases.
· Develop evaluation methodology for duplex enhancement.
· Study the subband non-overlapping full duplex and potential enhancements on dynamic/flexible TDD. 
· Identify possible schemes and evaluate their feasibility and performances.
· Study inter-gNB and inter-UE CLI handling and identify solutions to manage them. 
· 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.


In this contribution, we discuss the subband configurations for non-overlapping subband full duplex (SBFD) and the feasibility for SBFD including the interference analysis. Besides, views on the possible enhancements for resource allocation and handling of CLI for SBFD are also provided.
2. Potential subband configurations for SBFD
For SBFD operation, deployment scenarios should be identified firstly, followed by study on potential subband configuration(s) for each deployment scenario.
A simplest deployment scenario is the isolated cell scenario. In this deployment scenario, only intra-cell interference, i.e., self-interference at gNB side, should be managed. One subband configuration example is illustrated in Figure 1.
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[bookmark: _Ref102052179]Figure 1: Subband configuration 1
In Figure 1, the carrier can be divided into several subbands based on a predefined granularity, e.g. 20MHz. Each slot can have both DL subband(s) and UL subband(s) in frequency domain, with the ratio of DL and UL frequency resources determined based on DL and UL traffic load. In a slot, the DL subband(s), if any, is located at one side of the carrier, while the UL subband(s), if any, is located at the other side of the carrier to reduce overhead for self-interference isolation in terms of guard bands.
Another deployment scenario can be that multiple cells with SBFD operation are deployed in the network, and there is no adjacent channel co-existence issue, e.g. the operator owns the whole band. In this deployment scenario, the subband configuration illustrated in Figure 1 can also be considered. To avoid or alleviate interference(s) among cells, subband configurations of adjacent cells can be coordinated so that the subband division, and the transmission direction of one or more subbands etc., can be aligned.
[bookmark: _Ref102056713]Proposal 1: A subband configuration with DL subband(s) located at one side of the carrier and UL subband(s) located at the other side, can be considered for deployment scenarios with no or limited adjacent channel coexistence issue.
When there is coexistence requirement from the adjacent channel(s), i.e. a typical deployment scenario where multiple cells with SBFD operation are deployed in the network, and on the adjacent channel(s) one or more legacy networks with a typical TDD pattern, i.e. DDDUU, are deployed, a subband configuration illustrated in Figure 2 can be considered.
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[bookmark: _Ref102052439]Figure 2: Subband configuration 2
In Figure 2, the carrier is also divided into several subbands based on a predefined granularity, as described before. To meet the coexistence requirement for the adjacent channel(s), in a DL slot, the UL subband(s) can be located at the middle part of the carrier. Similarly, in a UL slot, the DL subband(s) can be allocated at the middle part of the carrier. The motivation for SBFD is mainly for UL performance in terms of coverage, latency etc., so that only UL subband(s) is required to be located in a DL slot to obtain more UL resources and no need to locate DL subband(s) in a UL slot. However, it may result in DL performance loss in terms of latency and throughput depending on the scenarios and traffic patterns. Having UL sub-band within the DL slots can compensate the DL resource loss. 
[bookmark: _Ref102056716]Proposal 2: A subband configuration with UL/DL subband(s) located at the middle part of the carrier in a DL/UL slot, can be considered for deployment scenarios where there is adjacent channel co-existence requirement. 
3. Feasibility for SBFD
3.1. [bookmark: _Hlk54103374]Interference types analysis
For SBFD operation, new interference types including self-interference (SI) and/or cross link interference (CLI) will take place at gNB side and UE side. 
For gNB side, taking Figure 3 as an example, gNB 1 ~ gNB3 are deployed with co-channel at F1 while gNB 4 is deployed in adjacent-channel at F2. For gNB 1 and gNB 2, DL subband transmission would bring self-interference to UL subband reception, as described in ① of Figure 3. 
Besides self-interference, gNB2 also suffers various types of cross link interference from other gNBs. For instance, DL subband transmission of gNB1 would bring co-channel inter-subband CLI to gNB2, i.e., as shown in ② of Figure 3. DL transmission of gNB3 would introduce co-channel intra-subband CLI to gNB2, i.e. ③ in the Figure. Meanwhile, DL transmission of gNB4 would lead to adjacent-channel CLI to gNB2, i.e. ④ in the Figure. It is noted that the existing interference is omitted in the discussion.
Table 1 lists the new interference types at gNB side. It can be observed more complicated interference conditions occur for full duplex operation. 
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[bookmark: _Ref102052704]Figure 3 self-interference and CLI at gNB side
[bookmark: _Ref102052891]Table 1 new interference types at gNB side
	Interference term
	Description 

	①Self-interference
	interference from DL subband transmission to UL subband within a gNB 

	② Co-channel inter subband CLI
	interference from DL inter-subband transmission of gNB1 to UL subband reception of gNB2

	③ Co-channel intra subband CLI
	interference from DL transmission of gNB3 to UL subband reception of gNB2

	④ adjacent-channel CLI
	interference from DL transmission of gNB4 in adjacent channel to UL subband reception of gNB2


Similarly, at UE side, some new cross link interferences are introduced in SBFD operation, as shown in Figure 4. It is assumed that four UEs operate at half duplex mode in SBFDscenario where UE 1~ UE 3 work at co-channel frequency band and UE 4 operates at adjacent channel frequency band.   
UL subband transmission of UE1 would lead to co-channel inter-subband CLI for UE 2, i.e., ① in Figure 4.
UL subband transmission from UE 2 would introduce co-channel intra-subband and adjacent channel CLI to UE 3 and UE 4, respectively, which can be seen in ② and ③ of Figure 4. 
All the new interference types at UE side are summarized in Figure 4. 
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[bookmark: _Ref102052937]Figure 4: CLI at UE side
Table 2: new CLI at UE side
	Interference term
	Description 

	① Co-channel inter-subband CLI
	interference from inter UL subband transmission of UE1 to DL subband reception of UE2

	②Co-channel intra-subband CLI
	interference from UL subband transmission of UE 2 to DL reception of UE 3

	③adjacent-channel CLI
	interference from UL transmission of UE 2 to adjacent channel DL reception of UE 4


[bookmark: _Ref102051696][bookmark: _Ref102057784]Observation 1: For SBFD at gNB side, new interference types including SI and co-channel/adjacent-channel CLI are the main challenge, while at UE side, co-channel/adjacent-channel CLI is the main challenge. 
To obtain the benefits of SBFD in commercial network, self-interference cancellation and management of CLI from co-channel and from adjacent channel need to be addressed. 
3.2. Self-interference mitigation 
At gNB side, the receive antennas also capture the interfering signals from their own transmit antennas besides the other interference. The self-interference can be several millions stronger than the desired signal due to the short distance between transmit and receive antennas at gNB. The desired signal may totally be drowned out by the interference signals and cannot be restored correctly. This becomes serious challenge for feasibility of SBFD operation. Some self-interference cancellation/suppression techniques have been proposed in both academic and industrial field. Generally, SI mitigation can be categorized into three types, i.e.,
· Spatial isolation 
· [bookmark: _GoBack]Digital/analog domain mitigation
· Frequency isolation
For spatial isolation method, the motivation is to minimize the leakage power from transmitting antennas to receiving antennas. For example, blocking materials can be inserted between transmitting and receiving antennas to reduce the interference from transmit antennas. For spatial isolation, only half of antenna elements are available and separate Tx/Rx antenna deployment is required.     
The main idea of digital/analog domain self-interference mitigation is using the information of the known baseband or RF signal to generate an inversed signal to eliminate the interference signals. Generally, extra hardware in generating the cancellation signals is required for analog domain, which makes the analog cancellation costly. The digital schemes are promising but the nonlinearity in the transmit chain such as PA etc. may decrease the cancellation effect. 
For frequency isolation, a guard band can be reserved between a DL subband and a UL subband. The additional overhead is introduced and has the linear relationship with guard band size. 
Generally, these technologies can work together to achieve the desired receiving signal requirements. For each method above mentioned, self-interference suppression degree [the maximum suppression number of dB] should be assumed and the total self-interference suppression value at gNB can be determined for SBFD evaluation. The input from RAN 4 is needed. At current stage, RAN 1 should align the simulation assumptions to check and compare the SBFD performance with legacy schemes. 
· [bookmark: _Hlk101864762]Interference model applied at gNB side 
For gNB operating with simultaneous DL transmission and UL reception, a guard band is needed to suppress inter-subband interference from the same cell and adjacent cell. How to determine the guard band size should be solved firstly. 
In current RAN 4 spec, ACLR (Adjacent Channel Leakage power Ratio) and IBE (in-band emission) at UE side are defined to describe the requirement on adjacent channel leakage and in band co-channel emission.  
ACLR is the ratio of the filtered mean power centered on the assigned channel frequency to the filtered mean power centered on an adjacent channel frequency. The assigned channel power and adjacent channel power are measured with rectangular filters with measurement bandwidths. In current RAN 4 spec, there is explicit ALCR parameters including the ACLR limit for gNB i.e., 45 dB and the minimum guard band size[2].
The in-band emission is only defined for UE and is measured as the ratio of the UE output power in a non–allocated RB to the UE output power in an allocated RB, which consists of three parts, general part, carrier leakage and IQ image, as shown in Figure 5. 
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[bookmark: _Ref102053905]Figure 5 UE IBE model
Figure 5 also describes the interference PSD at different frequency parts within a channel bandwidth for UE IBE model. It can be observed that there exists a slope around the allocated RBs. Generally, a certain PRBs in slope region can be reserved as guard band between subbands with different transmission direction to avoid the higher co-channel interference. Although there is currently no IBE requirement for BS, in our understanding, the “slope-like” interference should also exists in the frequency parts that are next to the frequency part for gNB active transmission. Therefore, for the modeling of inter-subband interference at gNB side, IBE model seems more realistic. 
A candidate definition of BS IBE model can base on UE IBE, e.g., 
                                                          			(1)

[bookmark: _Hlk101884147]According to the current UE IBE model, it can be observed that maximum 30dB power to leakage ratio can be achievable for non–allocated RB compared to the allocated RB. The specific power to leakage ratio for BS should be up to RAN 4 decision if BS IBE model based on the equation (1) is adopted. From RAN1 perspective, the guard band size assumption should be aligned to evaluate the performance of full duplex operation. Based on above, it should be clarified in RAN 1 for full duplex evaluation which model between ACLR and IBE is applied for guard band size determination.
[bookmark: _Ref102056718]Proposal 3: Send LS to RAN4 to ask about the appropriate modeling for gNB in-band interference, e.g. based on ACLR or IBE framework. 
[bookmark: _Ref102056720]Proposal 4: An aligned guard band size (between DL and UL sub-band) assumption should be applied for SBFD evaluation.

3.3. Cross link interference mitigation
Besides self-interference, cross link interferences also impact on the performance of full duplex operation. Our views can be found in section 4.2. 

4. Subband non-overlapping full duplex schemes
4.1. Resource indication for non-overlapping full duplex schemes
In order to implement subband non-overlapping full duplex transmission, gNB needs to assign or configure dedicated subband full duplex (SBFD) resources for the corresponding transmission. The legacy resource indication or configuration includes frequency domain indication and time domain indication. A UE operating in unpaired spectrum is configured with one or more BWP pairs, each BWP pair contains a DL BWP and UL BWP with the same center frequency. The UE is also configured with semi-static TDD configuration to indicate the DL, flexible or UL slots/symbols. The semi-static flexible slots/symbols can be further overwritten by SFI indication. The UE determines the potential transmission or detection resources according to all the mentioned configurations or indication.
For the subband non-overlapping full duplex scheme, additional resource configuration or indication is needed to indicate the SBFD resources where the transmission direction is different from the active DL/UL BWP. Both semi-static configuration or dynamic indication can be considered as candidate solutions. gNB can semi-statically configure part of the BWP as the SBFD resources to perform transmission with a different direction. The semi-static configuration of SBFD can be configured in the same way as that for configuring BWP(s). gNB can enable or disable the SBFD operation. When the SBFD operation is enabled, gNB and UE can transmit with a different direction compared with current active DL/UL BWP. When the SBFD operation is disabled, gNB and UE will perform transmission as in legacy active DL/UL BWP. To adapt more flexibly to the traffic, gNB can dynamically indicate the SBFD resources, i.e. the partition between DL and UL sub-bands are dynamically indicated. Similar as SFI, a frequency domain format indicator (FFI) can be introduced to indicate the transmission direction of each subband. When a UE is indicated with both SFI and FFI, the priority of the indicated needs to be studied.
[bookmark: _Ref95237457]Proposal 5: The SBFD resources can be indicated semi-statically or dynamically.
Considering that there may be mixture of legacy UE and the Rel-18 SBFD UE in the same cell, the configuration of the SBFD resources or scheduling of the Rel-18 UE transmission should not impact the behavior of legacy UE, i.e. backward compatibility is maintained. Therefore, the SSB transmission or the PRACH transmission of the legacy UE should be ensured. That is to say, it would be better if the SBFD resources do not overlap with the initial DL BWP or the initial UL BWP. When the SBFD resources are overlapped with the active DL BWPs or UL BWPs of the legacy UE, the configured DL or UL transmissions for legacy UE should not be impacted, e.g., the configured PUSCH, periodical SRS, periodical CSI-RS, etc. The Rel-18 UE should not be scheduled with opposite direction on these resources. For the scheduled transmissions, gNB can avoid confliction between the legacy UE and Rel-18 UE by implementation. In addition, considering the semi-static F is not typically used in current TDD deployment from the NW side, the frequency domain format indication should be allowed to overwrite the semi-static U and semi-static D in addition to semi-static F configured by TDD-UL-DL-Configuration to avoid potential interoperability and reduce power consumption for legacy UEs.
[bookmark: _Ref102056917]Proposal 6: The subband non-overlapping full duplex operation should be transparent to legacy UE.
[bookmark: _Ref102056919]Proposal 7: The frequency domain format indication should be allowed to overwrite the semi-static U and semi-static D in addition to semi-static F configured by TDD-UL-DL-Configuration.
4.2. Potential enhancements for CLI handling
Cross link interferences may have severe impacts on performance of UL transmission and DL reception.
· At gNB side 
As above analyzed, co-channel inter-subband/intra-subband CLI and adjacent-channel CLI need be handled at gNB side. CLI mitigation schemes can decrease the interference and improve the SINR of received signal. 
In previous release, some CLI mitigation techniques were proposed and evaluated, including suppression-based schemes, coordination-based schemes and sensing-based schemes and so on. However, it was concluded that gNB CLI handling among neighbor BSs can mostly be done by network implementation except some inter-BS information exchange that has been specified in RAN3 (e.g. intended UL-DL configuration). Rel-16 BS-BS interference identification and management was introduced to handle the remote inference issue. However, whether the framework is suitable for handling of CLI issue due to dynamic TDD or SBFD is unclear. 
[bookmark: _Ref102056921]Proposal 8: The need for additional specified solution for BS-BS CLI handling needs further investigation. 
· At UE side
In Rel-18 SBFD operation, UE operates at half duplex mode and would suffer co-channel inter-subband/intra- subband CLI and adjacent-channel CLI from other UEs within the same cell or adjacent cell. Interference mitigation schemes can also be considered to counter CLI. 
In Rel-16, the UE-UE CLI measurement based on SRS-RSRP and CLI-RSSI at UE side has been specified. This scheme should be reused as much as possible to avoid redundant spec effort. Considering half duplex operation at UE side, and the fact that the size constraints, power and processing capabilities at UE side is limited, any UE hardware changes and/or more stringent UE RF requirement to support SBFD operation at network side is strongly discouraged. Instead, the handling of UE-UE interference should be largely based on network scheduling based on UE-UE CLI measurements, e.g. gNB can avoid scheduling two UEs with opposite direction if the two UEs are identified as close to each other thus cause strong UE-UE CLI.  

[bookmark: _Ref102056922]Proposal 9: Rel-16 CLI measurement scheme based on SRS-RSRP and CLI-RSSI should be reused as much as possible to avoid redundant specification effort.
[bookmark: _Ref102056923]Proposal 10: No UE RF impact for CLI handling is expected to avoid additional UE complexity in Rel-18 SBFD operation.  
In addition to Rel-16 mechanisms, following enhancements can be considered. 
For UL transmission, transmit power can be boosted to overcome the impact of CLI, e.g. co-channel inter-cell gNB-to-gNB inter-subband CLI. 
For a DG PUSCH transmission, the transmit power after boosting can be indicated by the UL scheduling DCI, and the mechanism developed in Rel-16 URLLC can be re-used, i.e. the P0 used to determine the transmit power can be indicated by the open-loop power control parameter set indication field in the UL scheduling DCI. It is up to the gNB to indicate a proper P0 after considering the impact of CLI. For a CG PUSCH transmission, more study is needed on how to control the transmit power to match different cases of interferences to overcome the impact of CLI.
[bookmark: _Ref102056924]Proposal 11: Study potential enhancements for UL power control to overcome the impact of CLI.
For DL reception, it may be beneficial for the gNB to be aware of the values or ranges of interferences involved in a DL reception, and to perform DL scheduling and data transmission accordingly. This can be achieved by CSI measurement and reporting. For example, different NZP CSI-RS resources, as well as CSI-IM resources, can be used to measure different interference types, which can be configured to the UE in one or more CSI-ReportConfigs. Based on the CSI information in corresponding CSI report(s), the gNB can infer the desired information of CLI by proper implementation.
In addition, for CSI measurement and reporting, configured NZP CSI-RS resources and/or CSI-IM resources may be confined in a subband to avoid collision in terms of colliding with RE(s) configured and/or indicated as UL and/or flexible. However, such configuration would be restrictive. For example, CSI information across the whole BWP may be beneficial for DL frequency-selective scheduling, where the involved CSI resources will cross multiple subbands. Besides, it would be hard to avoid collision especially when the subband configuration e.g. DL or UL is changed dynamically. Therefore, potential enhancements for more accurate CSI measurement and reporting may be required by taking the potential collision into account.
[bookmark: _Ref102157187]Proposal 12: Study potential enhancements for CSI measurement and reporting for SBFD.
Furthermore, for SBFD, potential enhancements can also be considered for CLI measurement and reporting. More detailed information can be found in our companion contribution [3].
5. Conclusion
In this contribution, we discuss subband configurations, the feasibility and possible enhancements for SBFD, and the following proposals are made.
Observation 1: For SBFD at gNB side, new interference types including SI and co-channel/adjacent-channel CLI are the main challenge, while at UE side, co-channel/adjacent-channel CLI is the main challenge.
Proposal 1: A subband configuration with DL subband(s) located at one side of the carrier and UL subband(s) located at the other side, can be considered for deployment scenarios with no or limited adjacent channel coexistence issue.
Proposal 2: A subband configuration with UL/DL subband(s) located at the middle part of the carrier in a DL/UL slot, can be considered for deployment scenarios where there is adjacent channel co-existence requirement.
Proposal 3: Send LS to RAN4 to ask about the appropriate modeling for gNB in-band interference, e.g. based on ACLR or IBE framework.
Proposal 4: An aligned guard band size (between DL and UL sub-band) assumption should be applied for SBFD evaluation.
Proposal 5: The SBFD resources can be indicated semi-statically or dynamically.
Proposal 6: The subband non-overlapping full duplex operation should be transparent to legacy UE.
Proposal 7: The frequency domain format indication should be allowed to overwrite the semi-static U and semi-static D in addition to semi-static F configured by TDD-UL-DL-Configuration.
Proposal 8: The need for additional specified solution for BS-BS CLI handling needs further investigation. 
Proposal 9: Rel-16 CLI measurement scheme based on SRS-RSRP and CLI-RSSI should be reused as much as possible to avoid redundant specification effort.
Proposal 10: No UE RF impact for CLI handling is expected to avoid additional UE complexity in Rel-18 SBFD operation.
Proposal 11: Study potential enhancements for UL power control to overcome the impact of CLI.
Proposal 12: Study potential enhancements for CSI measurement and reporting for SBFD.
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