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In RAN1 116-bis meeting, following agreements related to gNB-gNB CLI handling schemes were made.

For future RAN1 meetings:
For the down-selection of gNB-to-gNB CLI handling scheme(s) and UE-to-UE CLI handling scheme(s), companies are encouraged to check whether the candidate co-channel CLI handling scheme can be applicable for inter-operator and/or intra-operator adjacent channel CLI handling.
· Note: Whether flexible symbol(s)/slot(s) with SBFD subband configurations can be convert into DL/UL symbols by TDD-UL-DL-ConfigDedicated is discussed under AI 9.3.1.
· Note: Whether UE-specific SBFD subband time domain location indication is supported is discussed under AI 9.3.1.

Agreement
If beam nulling is supported for gNB-to-gNB CLI handling, the following are recommended to be specified.
· Information exchange of measurement resource configuration, i.e., periodic NZP CSI-RS 

Agreement
If beam pairing is supported for gNB-to-gNB CLI handling, the following are recommended to be specified.
· Information exchange of measurement resource configuration, i.e., SSB and/or periodic NZP CSI-RS
· Information exchange of recommended/not-recommended DL beam information and associated resource configuration


Agreement
If non-transparent UL resource muting is supported for interference covariance matrix measurement for gNB-to-gNB CLI handling, the following are recommended to be specified.
· Definition and indication of UL resource muting pattern
· Collision with DMRS/PTRS
· PUSCH resource mapping, i.e., rate-matching around the muted REs
· UCI resource determination
· Power allocation in symbols with muted REs considering potential impact to phase continuity. 
· TB size determination
Note: The existing reference signal time-frequency resource pattern, e.g., PT-RS, comb-2 SRS, are the candidates for the UL resource muting pattern.
Note: Consider pattern without adverse impact on PAPR
Note: The potential impact on transmit signal quality/MPR requirement may need to be checked with RAN4.
Note: The above does not apply for PUSCH transmission during random access procedures.

Agreement
If non-transparent UL resource muting is supported for gNB-to-gNB CLI measurement for gNB-to-gNB CLI handling, the following are recommended to be specified.
· Definition and indication of UL resource muting pattern
· Collision with DMRS/PTRS
· PUSCH resource mapping, i.e., rate-matching around the muted REs
· UCI resource determination


· Power allocation in symbols with muted REs considering potential impact to phase continuity. 
· TB size determination
· Exchange of information across gNBs on measurement resources 
Note: The existing reference signal time-frequency resource pattern, e.g., CSI-RS, are used to determine the UL resource muting pattern.
Note: Consider pattern without adverse impact on PAPR
Note: The potential impact on transmit signal quality/MPR requirement may need to check with RAN4.
Note: The above does not apply for PUSCH transmission during random access procedures.


Agreement
UL Tx power control-based schemes are not considered in the down-selection of gNB-to-gNB CLI handling and UE-to-UE CLI handling schemes.
· Note: Support of UL Tx power control enhancements can be discussed in AI 9.3.1 and 9.3.2 (for PRACH only).


Agreement
If coordinated scheduling in time and/or frequency is supported for gNB-to-gNB CLI handling and UE-to-UE CLI handling, the following is recommended to be specified.
· Information exchange of semi-static cell specific SBFD time and frequency location configuration



















In this contribution we provide our views on inter-operator and intra-operator adjacent channel CLI issues applicability of gNB-gNB CLI handling schemes, recommendations for UL non-transparent muting pattern and further specification impact’s to be considered for gNB-gNB CLI handling schemes. 




Discussion on Inter/Intra operator Adjacent Channel CLI

As per Rel-18 SI, the coexistence evaluation from RAN-4 was conducted considering the different scenarios as in the below table for the FR-1 band.

	Scenario
	FR
	Aggressor
	Victim

	1
	FR1
	Urban Macro
	Urban Macro

	2
	FR1
	Urban Hotspot
	Urban Hotspot

	3
	FR1
	Indoor
	Indoor

	4
	FR1
	Urban Macro
	Micro

	5
	FR1
	Micro
	Micro


 

For the performance evaluation, RAN4 had only considered the case of {D, U} as an SBFD configuration as it is comparable to the {D, U, D} SBFD configuration. Throughput loss due to the adjacent channel CLI was studied, and Fig-1 through Fig-3 are box plots that represent the summary of a median throughput loss from performance reports of adjacent channel coexistence study[4], Plots include the minimum, first (lower) quartile, median, third (upper) quartile, and a maximum of the median throughput losses published in the coexistence study.
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Fig 1  Adjacent Channel CLI median throughput loss(%) summary for Scenario-1(FR-1) concluded in Rel-18 CLI
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Fig 2 SBFD UL median throughput loss summary @ cell edge and cell center for Scenario-1
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Fig 3 SBFD UL median throughput loss summary for Cell center (Left) & Cell edge (Right) users for varying ACIR for Scenario-1

The following observations were made from the performance results with respect to both legacy TDD and SBFD as victims.

· The cell edge throughput degradation is worse than the average throughput degradation. 
· The throughput degradation is due to the inter-BS ACI introduced by TDD-UL over SBFD, which increases as grid-shift (BS-to-BS distance) decreases in scenario 1.
· SBFD BS antenna configuration slightly impacts the throughput degradation.
· Major SBFD UL throughput degradation is observed cell edge uplink.
· For higher BS Tx power and lower grid-shifts the degradation is increased for cell edge throughput and average throughput.
· No throughput degradation is observed on the SBFD DL for both average throughput and cell edge throughput, respectively, for different BS Tx powers (ranging from 46 dBm to 53 dBm for FR1 and 30 dBm for FR2-1), grid-shifts (5% to 100%), and SBFD BS antenna configurations.

Observation 1: RAN4 Rel-18 SI concluded that the Adjacent Channel CLI significantly impacts the Uplink performance for both SBFD and Legacy TDD UL.

Observation 2: The Uplink throughput performance loss becomes a strong function of grid-shift of adjacent channel gNB’s especially for cell-centre UE’s, severely constraining the  deployment capability of multiple operators in macro gNB deployments.

Proposal 1: RAN1 should consider the study techniques for mitigation of Adjacent channel CLI ,if possible, as part of this Rel-19 work item.

RAN4 had considered the case of {D, U} as an SBFD configuration instead of {D, U, D} SBFD configuration. 
But when you consider {D, U, D} with {40MHz,20MHz,40MHz} bandwidth, there is an additional protection of 40MHz for the leakage from the adjacent channel CLI.
The study done as part of TR 38.858 [2] discussed the feasibility of analog filtering options for self-interference and co-channel interference due to co-site/co-sector in sections 9.3.1 and 9.3.2 respectively. It was dropped due to design complexity, additional insertion loss due to a narrow roll-off from few Khz to few MHz and limitations in supporting multi-carrier. However, this feasibility was not studied from an adjacent channel blocker perspective, considering the benefit of 40MHz filter roll-off due to {D, U, D} configuration for SBFD.

Proposal 2: RAN1 should further discuss on sending a LS to RAN-4  to trigger  the feasibility study on adjacent channel blocker mitigation due to adjacent channel CLI in view of relaxed roll off requirements considering {D,U,D} for SBFD.


For the SBFD symbol represented by {D, U, D}, Adjacent channel gNB-gNB CLI is seen in the UL sub-band of the SBFD symbol due to DL slots of legacy TDD from neighbouring gNB’s overlapping with SBFD symbols.

For the Legacy TDD symbols the Adjacent channel gNB-gNB CLI is seen in UL symbols in the Flexible slot overlapping with the SBFD slot of neighbouring gNB. 

Since the configurations considered for the adjacent channel CLI for throughput analysis are different from what has been studied in TR 38.858 [2]  there is a need for further study on network throughput impact due to adjacent channel co-existence.

Proposal 3: Further study the impact of adjacent channels on network throughput with the {D, U, D} SBFD configurations.


[bookmark: _Ref166254507]Applicability of co-channel gNB-gNB CLI Schemes for intra-operator adjacent channel CLI
Following schemes are discussed for the co-channel CLI handling. 

I) Spatial domain coordination scheme
a. scheme#1: Beam nulling based on steering vector between gNB-gNB.
b. scheme#2: Beam nulling based on gNB-gNB channel measurement.
II) UL resource muting-based-scheme 
a. Option 1: gNB-gNB covariance matrix estimation based on transparent UL resource muting. 
b. Option 2: gNB-gNB covariance matrix estimation based on non-transparent UL resource muting.

 Channel measurement based gNB-gNB increases the complexity since this requires the victim gNB to measure the channel for the CSI-RS/NCD-SSB beams from the adjacent channel. Instead, with the steering vector-based method Victim gNB can measure  the leakage from adjacent channel gNB in ZP-CSI-RS or CSI-IM conclude on steering vector weight from aggressor gNB causing interference. The residual leakage from the sidelobes can be measured with non-transparent muting for interference cancellation. 

 For adjacent channel intra-operator gNB’s can co-ordinate over Xn interface to share the information on orthogonal resource sets and reference signals for CLI measurements, DL/UL muting patterns and their signalling for rate-matching at UE or gNB’s and Interference measurements on muted symbols.

Proposal 4 : Co-channel gNB-gNB CLI handling  schemes are applicable  for intra-operator adjacent channel CLI.

Proposal 5 : For intra-operator adjacent channel CLI we support  beam nulling based on steering vector between gNB-gNB for adjacent channel CLI.

Proposal 6 : For intra-operator adjacent channel CLI we support the non-transparent UL resource muting scheme due to better UL performance compared to transparent UL resource muting scheme.




Applicability of co-channel gNB-gNB CLI Schemes for inter-operator adjacent channel CLI
In the context of TDD configurations, when one operator switches from a specific TDD configuration (e.g., DDDSU) to a different supported SBFD configuration (e.g., DXXXU), the uplink portion of the SBFD symbols will experience adjacent channel interference from the TDD ‘D’ slots and the DL Symbols from Special Slot ‘S’ of another TDD operator, which overlap with the SBFD symbols ‘X’. This interference includes the adjacent channel blocker as well as co-channel interference caused by leakage due to adjacent channel leakage of the TDD downlink slots and symbols.
To address this interference, schemes discussed under co-channel gNB-gNB CLI schemes require inter-gNB coordination and information exchange. However, based on the new WID [5] RAN3  (“RAN3 will not specify enhancements to network signalling to support inter-operator coordination for CLI handling”) , there will be no specified enhancements to network signalling to support inter-operator coordination for CLI handling. As a result, co-channel gNB-gNB CLI handling schemes as  discussed in section 2.1cannot be applied for inter-operator CLI handling.

Proposal 7: Schemes for inter-operator adjacent channel CLI handling requires further study due to absence of signalling between inter-operator gNB’s.



 
Specifications for Non-transparent UL Muting
UL resource muting enables the UL receiver to accurately measure the gNB-gNB CLI. In non-transparent UL resource muting RE level resource muting of UL symbols needs to be implemented. Current specification does not support RE level muting of PUSCH resources. A new RE level muting pattern needs to be specified which works well for both DFT-s-OFDM and CP-OFDM. One of the key aspects to consider in the new pattern design is the PAPR of the signal. In this contribution we discuss various muting patterns and the impact on the signal PAPR for DFT-s-OFDM. 


RE level muting of the PUSCH UL symbol can be achieved by puncturing DFT spread symbols or using the rate  matched DFT spread symbols before performing the IFFT. The following muting patterns are considered in the study.
· SRS like comb-2, comb-4, and comb-8
· Muting of every Kth RE   K = 3,4 ,6 & 12
· Random RE muting (one RE per PRB)

Fig 4 shows the PAPR CCDF curve for QPSK DFT-s-OFDM waveform when puncturing is used.
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[bookmark: _Ref165968110]Fig 4 PAPR CCDF curve for QPSK DFT-s-OFDM waveform with puncturing
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Fig 5 PAPR for 0.01% CCDF with puncturing




 Fig 5 shows the PAPR CCDF curve for QPSK DFT-s-OFDM waveform when rate matching is used.
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[bookmark: _Ref165968241]Fig 6 PAPR CCDF curve for QPSK DFT-s-OFDM waveform with rate matching
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Fig 7 PAPR Values @ 0.01% CCDF

Observation 3: UL muting based on puncturing the DFT spread symbols shows higher PAPR compared to the reference waveform without UL resource muting. 

Observation 4: UL muting based on rate matched DFT spread symbol with SRS like comb structure shows no degradation of PAPR compared to the reference waveform without UL resource muting.  

Observation 5: SRS Comb-2 like structure has lower muting overhead

Proposal 8: Comb-2 SRS like muting pattern can be adapted to enable RE level UL resource muting for non-transparent UL resource muting scheme.

Proposal 9:  Rate matching around the muted RE’s should be used instead of puncturing the input symbols.



Collision with DMRS/PTRS is another aspect to consider in determining the time location of symbol(s) with muted RE. Collision with DMRS can be avoided by specifying the location of UL symbol(s) with RE level muting relative to the DMRS symbol(s) location. When the Collision with PTRS cannot be avoided, PTRS should be prioritized over RE muted resources as PTRS are used in synchronization and phase estimation and they have lower density. 


Proposal 10:  specify the time location of UL symbol(s) with RE muting relative to DMRS symbol(s) location to avoid collision with DMRS symbol(s).

Proposal 11:  In case of PTRS collision with RE muting, prioritize PTRS over RE muting. FFS: Impact on PAPR due to prioritization of PTRS over RE muting.


UL resource muting is used to accurately measure the gNB-gNB CLI. Providing only a single UL symbol with RE muting may not capture the interference scenario accurately, as the resource allocation in DL may vary over symbols.  Typical resource allocation in DL has PDCCH symbols and PDSCH symbols; each of these resources have different Tx beams /PMI applied and different resource utilization.  This scenario is depicted in Fig 6
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[bookmark: _Ref165972401]Fig 8 Proposed UL resource muting to capture interference effect from both PDCCH and PDSCH

Further study the  requirement and evaluate the benefit of having more than one UL muting symbol to capture the gNB-gNB CLI more accurately.

Proposal 12:  Further study the requirement for more than one UL symbol with RE muting to estimate the gNB-gNB CLI accurately.

 


Co-channel gNB-gNB CLI Schemes for Semi-Static SBFD

In TR 38.858 [2] for semi-static SBFD, for gNB-gNB CLI measurement broadly two schemes were discussed:
I) Spatial domain coordination scheme
a. Used for gNB transmit side beam nulling.
b. The spatial domain coordination handles the gNB-gNB CLI using beam nulling at the aggressor gNB.
II) UL resource muting-based-scheme 
a. Used for measuring the gNB-gNB CLI covariance matrix
b. The UL resource muting scheme handles the gNB-gNB CLI using advanced receiver at victim gNB.
In this section we discuss the additional specification impact considerations to support the co-channel gNB-gNB CLI Schemes, our views on complexity and recommendations for down selection.

Spatial domain coordination
Spatial domain coordination scheme is based on CLI measurements and reporting at victim gNB. Measurements can be based on reference signals like NZP CSI-RS. In TR 38.858[2], two spatial domain coordination schemes were discussed to handle the CLI issue.
· scheme#1: Beam nulling based on steering vector between gNB-gNB.
· scheme#2: Beam nulling based on gNB-gNB channel measurement.
These two schemes are based on the type of measurement, reporting and application of the measurement at the aggressor gNB. 

Beam nulling based on steering vector between gNB-gNB.
The following alternates are discussed in previous meeting for beam nulling based on steering vector between gNB-gNB.

• Alt.1: gNB-A performs measurement on the RS transmitted from gNB-B and feedback the beam-ID information to gNB-A. gNB-A further nulls the interference towards gNB-B based on this beam-ID.

• Alt.2: gNB-A performs measurement on the RS transmitted from gNB B and identifies the beam-ID for nulling to reduce the interference towards gNB-B

gNB-A and gNB-B can be aggressor or victim gNB.



 Specification Impact  and Complexity

[bookmark: _Hlk163223006]In the spatial domain coordination, involving beam nulling by steering vectors between gNB-gNB multiple aggressor gNBs can introduce interference to a victim gNB. In such cases, it becomes difficult for the victim gNB to measure interference from various aggressors. The aggressor gNBs employ Non-Zero Power (NZP) CSI-RS for interference measurement, while the victim gNB utilizes Zero Power (ZP) CSI-RS. To prevent collisions, coordinated orthogonal resource sets in both time and frequency is essential when multiple aggressor gNBs are transmitting NZP CSI-RS to the victim gNB.

Since the RS like NZP-CSI-RS and/or NCD SSB is used for interference measurement, The orthogonal resource sets clearly identifying unique beam-ID and associated cell-id should be co-ordinated at a network level across gNB’s to enable the CLI measurements. This mandates specification changes in terms of RS resource set design and exchange of resource configurations across gNB’s. The measurement report configurations like the CLI measurement window needs to be aligned between gNB’s. Based on the CLI measurement interfering beam-IDs from the aggressor gNB’s needs to be intimated across the network for CLI mitigative actions. This mandates a specification change to enhance measurement configuration, measurement report and exchange of these information across the network over Xn interface.


Operationally beam nulling based on steering vector between gNB-gNB for Alt-1 will require.
· Allocation of Coordinated orthogonal reference resources sets for CLI measurement across gNB.
· Network level Triggering of CLI measurements
· Victim gNB measures and reports interfering beam ID to aggressor gNB.
· Victim gNB to aggressor gNB reporting will be over Xn interface.
· Aggressor gNB nulls the interfering beams reported by victim gNB .  

Operationally beam nulling based on steering vector between gNB-gNB for Alt-2 will require.
· Allocation of Coordinated orthogonal reference resources sets for CLI measurement across gNB’s.
· Network level Triggering of CLI measurements
· Aggressor gNB measures CLI.
· Aggressor gNB nulls the interfering beams.

In RAN1-116 bis it was agreed to include the “Information exchange of measurement resource configurations” as a specification impact.
Considering the operational details for Alt-1 and Alt-2 additional specification impact specified in the below proposal needs to be considered for Beam-nulling based on steering vector.
Enhancement to CSI-RS ports is required due to limitation of 32-port in the current specifications. Properties of channel between gNB-gNB having higher LOS probability and large coherence time needs to be exploited in enhancing the measurement configuration.  
Proposal 13: Consider the following as the additional specification impact for beam nulling based on steering vector between gNB-gNB. 
· Enhanced measurement resource configuration based on NZP CSI-RS/NCD-SSB.
· Enhanced measurement report.
· Information exchange of measurement report configuration including CLI measurement window and periodicity, RSRP/RSRQ, DL beam indication.

gNB complexity for Alt-1 as follows:
Observation 6: gNB Complexity for beam nulling based on the steering vector between gNB-gNB for alt-1 is as follows.
· Coordination of Reference Signal time/frequency resources & Measurement between victim and aggressor gNBs.
· Measurement of CLI at victim gNBs.
· Measurement reporting across gNB's for determining optimal PMI for Nulling.

gNB complexity for Alt-2 as follows:
Observation 7: gNB Complexity for beam nulling based on the steering vector between gNB-gNB for Alt-2 is as follows.
· Coordination of Reference signal time and/or frequency resources & Measurements between victim and aggressor gNBs.
· Measurement of CLI at aggressor gNBs.

Observation 8:  CLI measurement based on Alt-2 scheme has lower complexity and no feedback overhead.
Alt-2 (gNB-A performs measurement on the RS transmitted from gNB B and identifies the beam-ID) for CLI measurement feedback is not required from victim to aggressor gNB, it is better to consider Alt-2 to avoid extra signalling from aggressor gNB-B to victim gNB-A. When we consider the case where gNB- B as a victim micro gNB and gNB-A as aggressor macro gNB it difficult for gNB-A to identify CLI from micro gNB-B because of large transmission power difference. In other case where gNB-B transmitting reference signal to gNB-A, CLI can be measured accurately. 
Proposal 14: Consider Alt-2 (gNB-A performs measurement on the RS transmitted from gNB B and identifies the beam-ID) for CLI measurement.
FFS: Impact of Alt-2 on micro gNB as a victim

Beam nulling based on gNB-gNB channel measurement.
In beam nulling based on gNB-gNB channel measurement, the victim gNB does the channel measurement and reports it to the aggressor gNB. The aggressor gNB based on the received detailed channel measurement report modifies its precoder/beamformer to suppress the interference in the direction of victim gNB without impacting the beamforming of serving UEs. 
In beam nulling based on gNB-gNB channel measurement, the aggressor gNB utilizes the MIMO degree of freedom to create null in the direction of the victim gNB. Initial studies in TR 38.858 [2] have shown that beam nulling based on gNB-gNB channel measurement has a larger mean UL Average-UPT for all load levels due to better flexibility to perform beam nulling. 
New measurement and reporting scheme need to be defined for enabling the spatial domain based CLI handling. A detailed CLI measurement configuration and reporting needs to be done for each unique pair of aggressors gNB and victim gNB. NZP-CSI-RS and/or SSB based measurement and reporting configuration can be used as baseline. CLI measurement must be done periodically or aperiodically to have accurate measurement reports. 
In the spatial domain coordination using beam nulling by channel measurement between gNB-gNB  multiple aggressor gNBs can introduce interference to a victim gNB. In such cases, it becomes difficult for the victim gNB to measure interference from various aggressors. The aggressor gNBs employ Non-Zero Power (NZP) CSI-RS for interference measurement, while the victim gNB utilizes Zero Power (ZP) CSI-RS. To prevent collisions, coordinated scheduling in both time and frequency is essential when multiple aggressor gNBs are transmitting NZP CSI-RS to the victim gNB.
Multiple aggressor gNBs transmit reference signal to the victim gNB. For unique identification of aggressor gNB enhance measurement and reporting configuration to include aggressor gNB information.
Proposal 15: Enhance measurement and reporting configuration using NZP-CSI-RS and/or SSB to include aggressor gNB information.
· FFS: The exact details of aggressor gNB information to be included in measurement configuration.
Proposal 16: CLI measurement for spatial domain coordination can be periodic or aperiodic. 
· FFS: Periodicity of CLI measurement & reporting.
 Specification Impact and Complexity
Since the RS like NZP-CSI-RS and/or NCD SSB is used for interference measurement, The orthogonal resource sets, cell-id should be co-ordinated at a network level across gNB’s to enable the CLI measurements. This mandates specification changes in terms of RS resource set design and exchange of resource configurations across gNB’s. The measurement report configurations like the CLI measurement window needs to be aligned between gNB’s. Interfering channel measurements from the aggressor gNB’s needs to be intimated across the network for CLI mitigative actions. This mandates a specification change to enhance measurement configuration, measurement report and exchange of these information across the network over Xn interface.

Operationally beam nulling based on channel measurement between gNB-gNB for Alt-1 will require.
· Allocation of coordinated orthogonal reference resources sets for CLI measurement across gNBs.
· Network level Triggering of CLI measurements
· Aggressor gNB transmits reference signal to the victim gNB 
· Victim gNB measures the channel and reports it to aggressor gNB.
· The aggressor gNB determines the DL precoder for its serving UEs by considering the channel information between aggressor gNB and victim gNB to minimize the interference at victim gNB . 
· The aggressor gNB transmits reference signal periodically to the victim gNB to decide the effectiveness of interference mitigation provided by aggressor gNB.

Operationally beam nulling based on channel measurement between gNB-gNB for Alt-2 will require.
· Allocation of coordinated orthogonal reference resources sets for CLI measurement across gNBs.
· Network level triggering of CLI measurements
· Victim gNB transmits reference signal to the aggressor gNB 
· Aggressor gNB measures the channel.
· The aggressor gNB determines the DL precoder for its serving UEs by considering the channel information between aggressor gNB and victim gNB to minimize the interference at victim gNB . 

In RAN1-116 bis it was agreed to include the “Information exchange of measurement resource configurations” as a specification impact.
Considering the operational details for Alt-1 and Alt-2 additional specification impact specified in the below proposal needs to be considered for Beam-nulling based on channel measurement.
Proposal 17: Consider the following as the additional specification impact for beam nulling based on channel measurement between gNB-gNB.
· Reference signal for measurement of CLI 
· Information exchange of channel measurement associated cell-id’s
· Information exchange of CLI-mitigation request and indication 
 gNB Complexity for Alt-1
Observation 9: gNB Complexity for beam nulling based on channel measurement between gNB-gNB for Alt-1 is as follows.
· Processing complexity at aggressor gNB 
· Based on the received channel measurement report, aggressor gNB computes SVD and then incorporates the singular vectors in computing DL precoder for the serving UEs.
· Processing complexity at victim gNB 
· Measurement of channels for CLI and reporting.

[bookmark: _Hlk163219152]gNB Complexity for Alt-2
Observation 10: gNB Complexity for beam nulling based on channel measurement between gNB-gNB for Alt-2 is as follows.
·  Processing complexity at aggressor gNB 
· Measurement of channels for CLI and reporting.
· Based on the Channel measurement, aggressor gNB computes SVD and then incorporates the singular vectors in computing DL precoder for the serving UEs.

UL Resource Muting
 In TR 38.858[2], two UL resource muting schemes, were discussed, 

· Option 1: gNB-gNB covariance matrix estimation based on transparent UL resource muting. 
· Option 2: gNB-gNB covariance matrix estimation based on non-transparent UL resource muting.

In both options, the victim gNB estimates the covariance matrix of gNB-to-gNB interference by muting its UL resources. The estimated covariance matrix is then incorporated into the victim gNB’s LMMSE-IRC receiver to form an enhanced LMMSE-IRC (E-LMMSE-IRC) receiver for UL reception.

Transparent UL resource muting
Transparent UL resource muting proposes complete muting of victim’s first three or four OFDM symbols of SBFD UL sub band. 
    
Specification Impact & Complexity
To enable interference co-variance matrix estimation and avoid contamination UL-DMRS and DL-DMRS symbol UL/DL resources needs muting. For UL resource muting there is no specification impact as the PUSCH type-B can be used to mute initial UL symbols. To avoid UL DMRS contamination by DL symbols corresponding DL symbols needs to be muted. Current specification does not support DL symbol muting. This mandates a specification update.
Co-ordinated UL/DL muting pattern across gNB’s in the network enable the interference co-variance matrix measurement and avoid UL/DL DMRS contamination. To enable accurate channel estimates at Victim gNB’s the DL-Symbols overlapping in time with the UL-DMRS are muted. UL resource muting enables Victim gNB  to  estimate interference co-variance matrix and incorporate into enhanced LMMSE-IRC receiver to mitigate the CLI interference from the aggressor gNB’s. UL resource muting can be achieved through PUSCH type-B resource mapping configurations.

Operationally  transparent UL resource muting requires.
· Network level Co-ordination of UL muting pattern over Xn interface 
· Compute interference covariance matrix on muted UL resource
· Covariance Matrix is then incorporated into the victim gNB’s enhanced LMMSE-IRC receiver for interference rejection from aggressor gNB’s.

Observation 11 : PUSCH Type-B resource mapping can be used to enable transparent UL Muting
Considering the operational details transparent UL resource muting additional specification impact specified in the below proposal needs to be considered.

Proposal 18: Consider the following as a potential specification impact for transparent UL resource muting.
· Signaling of assistance information for interference/channel estimation over Xn interface.
· Signaling of DL muting pattern to eliminate contamination of UL DMRS.
· Signaling of DL muting pattern to UE for de-ratematching.


gNB complexity:
Observation 12: gNB Complexity for UL transparent muting scheme are as follows.
· Computation of Covariance matrix on muted symbols for gNB-gNB interference measurement. 
· Implementation of Enhanced MMSE IRC for equalization.
· Transport block calculation and rate matching for DL PDSCH based on muting pattern.

UE complexity
Observation 13 : UE Complexity for UL transparent muting scheme  are as follows.
· Enhancement of De-rate matching for muted DL(PDSCH) symbols.



Non-transparent UL resource muting
In Non-transparent UL resource muting, UE will not transmit on select RE’s in uplink symbols based on configured RE muting pattern.  These RE's are used at the gNB to estimate the interference covariance matrix.  Compared to transparent UL muting non-transparent muting will provide better resource efficiency as only a select RE are muted (instead of complete symbol)

 Specification Impact 
To enable interference co-variance matrix estimation and avoid contamination UL-DMRS and DL-DMRS symbol UL/DL resources needs muting. For non-transparent UL muting RE level muting is required. Current specification does not support RE level resource muting of the UL resources. To avoid UL DMRS contamination by DL symbols corresponding DL symbols needs to be muted. Current specification does not support DL symbol muting. This mandates a specification update.
Co-ordinated UL/DL muting pattern across gNB’s in the network enable the interference co-variance matrix measurement and avoid UL/DL DMRS contamination. To enable accurate channel estimates at Victim gNB’s the DL-Symbols overlapping in time with the UL-DMRS are muted. UL resource muting enables Victim gNB  to  estimate interference co-variance matrix and incorporate into enhanced LMMSE-IRC receiver to mitigate the CLI interference from the aggressor gNB’s. To enable UL resource muting at RE level a new Resource mapping scheme needs to be agreed and indicated to UE.

Operationally non-transparent UL resource muting requires.
· Signaling of UL muting pattern over Xn interface 
· Compute interference covariance matrix on muted UL resource
· Covariance Matrix is then incorporated into the victim gNB’s enhanced LMMSE-IRC receiver for interference rejection from aggressor gNB’s.
· Increased PAPR for DFT-S-OFDM due to non-transparent UL resource muting.

Proposal 19: Consider the following as a potential additional specification impact for non-transparent UL resource muting.
· Signaling of assistance information for interference/channel estimation over Xn interface.
· Signaling of DL muting pattern to eliminate contamination of UL DMRS.
· Signaling of UL muting pattern to eliminate the contamination of DL DMRS.


gNB Complexity :

Observation 14: gNB Complexity for UL non-transparent muting scheme are as follows.
· Computation of Covariance matrix on muted RE’s  for gNB-gNB interference measurement. 
· Implementation of the Enhance MMSE IRC for equalization.
· Transport block calculation and rate matching for DL PDSCH based on muting pattern.

UE complexity:

Observation 15: UE Complexity for UL non-transparent muting scheme are as follows.
· Enhancement of De-rate matching for muted DL(PDSCH) symbols.
· Enhancement of Rate-matching in PUSCH to support Non-transparent UL resource muting.
· Impact on power allocation because of RE/RB level muting.

Priority of CLI Schemes
The spatial domain coordination and UL resource muting-based schemes are fundamentally different. In spatial domain coordination scheme, CLI is addressed by transmit precoding at aggressor gNB. In UL resource muting scheme, CLI is addressed by advanced (E-LMMSE-IRC) receiver at victim gNB. In the Spatial domain coordination scheme a detailed measurement and reporting of CLI between aggressor gNB and victim gNB is required. However, there is minimal signalling overhead in case of UL resource muting Scheme. 
 	The spatial domain coordination at the aggressor gNB transmitters will ensure that the issue of receiver blocking at victim gNB is mitigated by beam nulling. An additional suppression by UL muting scheme (using E-LMMSE-IRC receiver) at the victim gNB will further improve inter-site gNB-gNB co-channel inter-sub band CLI.  Hence combining UL muting along with spatial domain coordination will further improve gNB-gNB CLI handling.
Proposal 20: For gNB-gNB CLI handling, both the UL resource muting scheme and the spatial domain coordination scheme should be considered.

The Table 4‑1 provides the SLS simulation results for reference SBFD without any CLI handling and SBFD with beam nulling based on channel measurements. Section 7 provides the network parameter details used in the simulations.

	
	
	Ref_SBFD
	Beam
Nulling
	Gain

	RU_UL
	HIGH LOAD
	HIGH LOAD
	

	Avg_UPT_UL 
(Mbps)
	Mean
	1.48
	1.56
	5.40%

	
	5%
	0.23
	0.25
	8.60%

	
	50%
	1.45
	1.7
	17.20%

	
	95%
	2.34
	2.391
	2.10%

	Avg_PL_UL 
(ms)
	Mean
	10.3
	8.4
	18.44%

	
	5%
	4.5
	3.99
	11.33%

	
	50%
	6.16
	5.67
	7.90%

	
	95%
	42.8
	35.5
	17.05%


4‑1 SLS Simulation results for Beam-nulling 
Following observation is based on the above SLS based simulation results.
Observation 16:  For Dense Urban Macro layer scenario with smaller packet size, the following can be observed from UL Average-UPT evaluation results:
· SBFD with Beam-nulling based on gNB-gNB channel measurement provides 5%, 9%, 17%, and 2%  gains for mean , 5%, 50% and 95% of UL average UPT respectively compared to SBFD without any CLI mechanism for High RU.
· SBFD with Beam-nulling based on gNB-gNB channel measurement improves 19%, 11%, 8%, and 17%  gains for mean , 5%, 50% and 95% of Average packet latency for UL respectively compared to SBFD without any CLI mechanism for High RU.


But considering both adjacent channel CLI and co-channel CLI the beam-based nulling based on steering vector should be prioritized.
Proposal 21: Beam nulling scheme based on steering vector should be prioritized.
Proposal 22: Considering specification impact and UE complexity, transparent-based UL resource muting methods can be considered under UL resource Muting Mode-1.
Observation 17: As indicated in our last contribution [3] The UL throughput in transparent UL resource muting is affected by muting of 22% or 29% of resources compared to non-transparent UL muting where only 4% of resources are muted. Hence, the non-transparent UL resource muting scheme should perform better with respect to UL throughput than transparent UL resource muting scheme.

Proposal 23: Considering the UL throughput gain of the non-transparent UL muting compared to transparent UL muting , non-transparent UL muting should be considered as UL Muting Mode-2. 
Proposal 24: Non-transparent UL muting should be prioritized over transparent muting.
Conclusion
In this contribution, we discuss about CLI handling with the following proposals and observations.
Observation 1: RAN4 Rel-18 SI concluded that the Adjacent Channel CLI significantly impact the Uplink performance for both SBFD and Legacy TDD UL.

Observation 2: The Uplink throughput performance loss becomes a strong function of grid-shift of adjacent channel gNB’s especially for cell-centre UE’s , severely constraining the  deployability of multiple operators in macro gNB deployments.

Proposal 1: RAN1 should consider the study techniques for mitigation of Adjacent channel CLI ,if possible, as part of this Rel-19 work item.

Proposal 2: RAN1 should further discuss on sending a LS to RAN-4  to trigger  the feasibility study on adjacent channel blocker mitigation due to adjacent channel CLI in view of relaxed roll off requirements considering {D,U,D} for SBFD.

Proposal 3: Further study the impact of adjacent channel on network throughput with the {D, U, D} SBFD configurations.

Proposal 4 : Co-channel gNB-gNB CLI handling  schemes are applicable  for intra-operator adjacent channel CLI.

Proposal 5 : For intra-operator adjacent channel CLI we support  beam nulling based on steering vector between gNB-gNB for adjacent channel CLI.

Proposal 6 : For intra-operator adjacent channel CLI we support the non-transparent UL resource muting scheme due to better UL performance compared to transparent UL resource muting scheme.

Proposal 7: Schemes for inter-operator adjacent channel CLI handling requires further study due to absence of signalling between inter-operator gNB’s.

Observation 3: UL muting based on puncturing the DFT spread symbols shows higher PAPR compared to the reference waveform without UL resource muting. 

Observation 4: UL muting based on rate matched DFT spread symbol with SRS like comb structure shows no degradation of PAPR compared to the reference waveform without UL resource muting.  

Observation 5: SRS Comb-2 like structure has lower muting overhead

Proposal 8: Comb-2 SRS like muting pattern can be adapted to enable RE level UL resource muting for non-transparent UL resource muting scheme.

Proposal 9:  Rate matching around the muted RE’s should be used instead of puncturing the input symbols.

Proposal 10:  specify the time location of UL symbol(s) with RE muting relative to DMRS symbol(s) location to avoid collision with DMRS symbol(s).

Proposal 11:  In case of PTRS collision with RE muting, prioritize PTRS over RE muting. FFS: Impact on PAPR due to prioritization of PTRS over RE muting.

Proposal 12:  Further study the requirement for more than one UL symbol with RE muting to estimate the gNB-gNB CLI accurately.

Proposal 13: Consider the following as the additional specification impact for beam nulling based on steering vector between gNB-gNB. 
· Enhanced measurement resource configuration based on NZP CSI-RS/NCD-SSB.
· Enhanced measurement report.
· Information exchange of measurement report configuration including CLI measurement window and periodicity, RSRP/RSRQ, DL beam indication.

Observation 6: gNB Complexity for beam nulling based on the steering vector between gNB-gNB for alt-1 is as follows.
· Coordination of Reference Signal time/frequency resources & Measurement between victim and aggressor gNBs.
· Measurement of CLI at victim gNBs.
· Measurement reporting across gNB's for determining optimal PMI for Nulling.

Observation 7: gNB Complexity for beam nulling based on the steering vector between gNB-gNB for Alt-2 is as follows.
· Coordination of Reference signal time and/or frequency resources & Measurements between victim and aggressor gNBs.
· Measurement of CLI at aggressor gNBs.

Observation 8:  CLI measurement based on Alt-2 scheme has lower complexity and no feedback overhead.

Proposal 14: Consider Alt-2 (gNB-A performs measurement on the RS transmitted from gNB B and identifies the beam-ID) for CLI measurement. FFS: Impact of Alt-2 on micro gNB as a victim

Proposal 15: Enhance measurement and reporting configuration using NZP-CSI-RS and/or SSB to include aggressor gNB information.
· FFS: The exact details of aggressor gNB information to be included in measurement configuration.


Proposal 16: CLI measurement for spatial domain coordination can be periodic or aperiodic. 
· FFS: Periodicity of CLI measurement & reporting.

Proposal 17: Consider the following as the additional specification impact for beam nulling based on channel measurement between gNB-gNB.
· Reference signal for measurement of CLI 
· Information exchange of channel measurement associated cell-id’s
· Information exchange of CLI-mitigation request and indication 
 
Observation 9: gNB Complexity for beam nulling based on channel measurement between gNB-gNB for Alt-1 is as follows.
· Processing complexity at aggressor gNB 
· Based on the received channel measurement report, aggressor gNB computes SVD and then incorporates the singular vectors in computing DL precoder for the serving UEs.
· Processing complexity at victim gNB 
· Measurement of channels for CLI and reporting.

Observation 10: gNB Complexity for beam nulling based on channel measurement between gNB-gNB for Alt-2 is as follows.
·  Processing complexity at aggressor gNB 
· Measurement of channels for CLI and reporting.
· Based on the Channel measurement, aggressor gNB computes SVD and then incorporates the singular vectors in computing DL precoder for the serving UEs.

Observation 11 : PUSCH Type-B resource mapping can be used to enable transparent UL Muting

Proposal 18: Consider the following as a potential specification impact for transparent UL resource muting.
· Signaling of assistance information for interference/channel estimation over Xn interface.
· Signaling of DL muting pattern to eliminate contamination of UL DMRS.
· Signaling of DL muting pattern to UE for de-ratematching.


Observation 12: gNB Complexity for UL transparent muting scheme are as follows.
· Computation of Covariance matrix on muted symbols for gNB-gNB interference measurement. 
· Implementation of Enhanced MMSE IRC for equalization.
· Transport block calculation and rate matching for DL PDSCH based on muting pattern.

Observation 13 : UE Complexity for UL transparent muting scheme  are as follows.
· Enhancement of De-rate matching for muted DL(PDSCH) symbols.

Proposal 19: Consider the following as a potential additional specification impact for non-transparent UL resource muting.
· Signaling of assistance information for interference/channel estimation over Xn interface.
· Signaling of DL muting pattern to eliminate contamination of UL DMRS.
· Signaling of UL muting pattern to eliminate the contamination of DL DMRS.


Observation 14: gNB Complexity for UL non-transparent muting scheme are as follows.
· Computation of Covariance matrix on muted RE’s  for gNB-gNB interference measurement. 
· Implementation of the Enhance MMSE IRC for equalization.
· Transport block calculation and rate matching for DL PDSCH based on muting pattern.


Observation 15: UE Complexity for UL non-transparent muting scheme are as follows.
· Enhancement of De-rate matching for muted DL(PDSCH) symbols.
· Enhancement of Rate-matching in PUSCH to support Non-transparent UL resource muting.
· Impact on power allocation because of RE/RB level muting.

Proposal 20: For gNB-gNB CLI handling, both the UL resource muting scheme and the spatial domain coordination scheme should be considered.
 
Observation 16:  For Dense Urban Macro layer scenario with smaller packet size, the following can be observed from UL Average-UPT evaluation results:
· SBFD with Beam-nulling based on gNB-gNB channel measurement provides 5%, 9%, 17%, and 2%  gains for mean , 5%, 50% and 95% of UL average UPT respectively compared to SBFD without any CLI mechanism for High RU.
· SBFD with Beam-nulling based on gNB-gNB channel measurement improves 19%, 11%, 8%, and 17%  gains for mean , 5%, 50% and 95% of Average packet latency for UL respectively compared to SBFD without any CLI mechanism for High RU.


Proposal 21: Beam nulling scheme based on steering vector should be prioritized.
Proposal 22: Considering spec impact and UE complexity transparent-based UL resource muting methods can be considered under UL resource Muting Mode-1.
Observation 17:As indicated in our last contribution [3] The UL throughput in transparent UL resource muting is affected by muting of 22% or 29% of resources compared to non-transparent UL muting where only 4% of resources are muted. Hence, the non-transparent UL resource muting scheme should perform better with respect to UL throughput than transparent UL resource muting scheme.

Proposal 23: Considering the UL throughput gain of the non-transparent UL muting compared to transparent UL muting , non-transparent UL muting should be considered as UL Muting Mode-2. 
Proposal 24: Non-transparent UL muting should be prioritized over transparent muting.
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SBFD System-level evaluation assumptions (FR1) 

Table 1: UMa SLS evaluation assumption for SBFD Case-1 (FR1) 
	 
	Parameter 
	Description  

	Layout 
	Macro Layer 
	Option 1 (Baseline): Hexagonal grid with 7 macro sites and 3 sectors per site with wrap around 

	UE distribution 
	UE distribution 
	Option 1 (Baseline): UE clustering distribution (two clusters per sector and 10 UEs per cluster)   

	Interference modeling 
	gNB self-interference 
	Option 1 (Baseline): Based on 1 dB UL desense  

	
	Co-site inter-sector gNB-gNB 
co-channel inter-subband 
CLI 
	𝛼𝑐𝑜−𝑠𝑖𝑡𝑒
= 137.9 dB [ 93 dB (spatial Isolation) + 44.91 (frequency isolation)] 

	
	gNB-gNB co-channel inter-subband CLI 
	gNB ICS = 62, gNB ACLR = 45 dB 

	
	UE NF mode  
	NF = 9 dB 

	
	gNB NF mode 
	NF = 5 dB 

	SBFD subband 
and slot 
configuration 
	SBFD Slot configuration 
	SBFD: {DXXXU} 

	
	SBFD subband configuration  
	Option 1 (Baseline): <ND,NU,NG> = <106,51,5> 

	BS transmit power & antenna configuration 
	BS transmit power for legacy TDD 
	Option 2: 53 dBm for 100 MHz 
 

	
	BS transmit power for SBFD 
	Option-1 (Baseline): Power boosting is assumed for SBFD symbols compared to DL-only symbols (as in legacy systems) 

	
	BS Antenna configuration for legacy TDD 
	Option 1: 
(M,N,P,Mg,Ng;Mp,Np) = (8,8,2,1,1;2,8) (dH,dV) = (0.5, 0.8)λ,  +45°/-45° polarization 

	
	BS Antenna configuration for SBFD 
	Option 2: Twice area & same TxRUs : SBFD antenna configuration  

	
	UE antenna configuration 
	Option 1 (higher priority):  
2Tx: (M,N,P,Mg,Ng;Mp,Np) = (1,1,2,1,1;1,1), (dH,dV) = (N/A, N/A)λ, 0°,90° polarization; 
4Rx: (M,N,P,Mg,Ng;Mp,Np) = (1,2,2,1,1;1,2), (dH,dV) = (0.5, N/A)λ, 0°,90° polarization 

	
	DL/UL FTP packet size 
	Option 1 (higher priority): 4KByte for DL and 1KByte for UL 

	
	DL/UL traffic load for  
legacy TDD 
	Option 3: {DL:UL}={High, High} 

	Channel Model 
	gNB-gNB 
	Option 1 (higher priority): Both Large scale fading and small scale fading 

	
	UE-gNB 
	Option 1 (higher priority): Both Large scale fading and small scale fading 

	
	 gNB receiver 
	Option 1 (Baseline): MMSE-IRC, For muting: EMMSE-IRC, and for Beam nulling: MMSE-IRC 

	
	Channel estimation 
	Option 2 : Perfect 

	
	Transmission scheme 
	SU-MIMO 


 
 
 
 
 SBFD System-level simulation results (FR1) 
 
	
	
	Ref_SBFD
	Beam
Nulling
	Gain

	RU_UL
	90.80%
	88.92%
	

	Avg_UPT_UL 
(mbps)
	Mean
	1.48
	1.56
	5.40%

	
	5%
	0.23
	0.25
	8.60%

	
	50%
	1.45
	1.7
	17.20%

	
	95%
	2.34
	2.391
	2.10%

	Avg_PL_UL 
(ms)
	Mean
	10.3
	8.4
	18.44%

	
	5%
	4.5
	3.99
	11.33%

	
	50%
	6.16
	5.67
	7.90%

	
	95%
	42.8
	35.5
	17.05%
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