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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 this contribution, the feasibility and techniques for enabling subband non-overlapping full duplex are discussed.  
[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 2‑1 and validated the feasibility of self-interference mitigation without needs of subband filters. 
Observation 1: 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 2‑1: Massive MIMO antenna arrays with spatial duplexer
RF measurements for the Tx-Rx spatial has been conducted and results are shown in Figure 2‑3. 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 2: More than 80 dB of spatial isolation could be achieved using two separate panels with spatial duplexer.


Figure 2‑2: 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 2‑3. 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 2‑4. 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 2‑3: 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 2‑4: RF measurements of Tx-Rx spatial isolation between two subarrays for FR2 

Observation 3: 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 2‑5: 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 2‑1. 
[image: ]-45 dBc ACLR

Figure 2‑6: 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 4: 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 2‑7.
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[bookmark: _Ref102099043][bookmark: _Ref102099047]Figure 2‑7 PSD of DL waveform and frequency isolation (LR)
Observation 5: 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 6: 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 7: 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 8: 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 9: 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 10: 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.
[image: ]
Figure 2‑8: Clutter measurements 
Observation 11: 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 2‑9. This technique can be used for cancellation of both self-interference and clutter echo by having multiple taps cancellation. 


[bookmark: _Ref102100965]Figure 2‑9: Digital self-interference cancellation 

Observation 12: 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 results are shown in Figure 2‑10.  The two antenna panels are set up as shown in Figure 2‑11 with different polarization of 90 degrees.
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[bookmark: _Ref102102117]Figure 2‑10: NILIC measurement set up @ 60GHz. 
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[bookmark: _Ref102102126]Figure 2‑11: NILIC measurement antenna panels set up @ 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 2‑12: NILIC measurement results @ 60GHz. 
Observation 13: 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 2‑13: 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 2‑14 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 2‑14: 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 14: 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. 

Qualcomm MWC22 OTA SBFD Demonstration 
Qualcomm has validated the feasibility of subband full duplex communication where gNB can simultaneously transmit and receive in the same spectrum band while coexisting with neighbouring half-duplex cells. In MWC 22 [4], Qualcomm 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 SDX60 Qualcomm 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 15: Qualcomm implemented a prototype of full duplex basestation and validated feasibility of Sub-band full duplex gNB in wide-area deployments. 

Inter-UE Cross-link interference mitigation techniques 
Rel-16 CLI framework
Rel-16 cross-link interference (CLI) framework was introduced to enable CLI mitigation in order to support flexible resource adaptation for unpaired NR cells. Figure 3‑1 shows an example for inter-cell inter-UE CLI where one UE is transmitting UL and another nearby UE is receiving DL.
The goal of Rel-16 CLI framework [2] is to support CLI measurements and reporting at a UE and network coordination mechanisms for exchange of intended DL/UL configuration. 
[bookmark: _Ref101356114][bookmark: _Ref101356093]Figure 3‑1 Inter-cell inter-UE CLI
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In Rel-16 CLI framework, inter-UE CLI measurement and reporting are based on RRC configuration. There are two different methods for CLI measurement, RSSI and RSRP based. For both CLI measurement quantities, L3 reporting is configured with support for both event-triggered and periodic reporting. Additionally, CLI reporting is based on L3 filtered measurements and CLI measurement timing is determined assuming a constant offset relative to the downlink reference timing in the serving cell. In particular, for performing CLI measurement in FR2, UE can assume the CLI measurement resources are QCL-ed with TypeD to one of the latest received PDSCH and the latest monitored CORESET.

Limitations of Rel-16 CLI framework
Leveraging and using Rel-16 CLI framework without enhancement for subband full duplex deployment has few limitations which are discussed in the following section. 
Limitation # 1: Latency and configuration flexibility 
Rel-16 CLI framework is based on layer 3 reporting which inherently has limited flexibility. L3 reporting is carried out on PUSCH channel and is collected by gNB-CU first then communicated to the gNB-DU. This will introduce some latency on the CLI report availability to the gNB-DU. However, L1 or L2 based CLI reporting doesn’t suffer from such increased latency.  In addition, L3 reporting is based on periodic CLI measurement resources with L3 filtering. This is not suitable for enabling fast beam selection in response to interference variation as compared to L1 based beam selection. Furthermore, RRC reconfiguration is needed to update the configuration of the CLI measurement resource which is typically in order of tens of millisecond. 
Observation 16: Rel-16 CLI reporting is based on L3 which has limited flexibility and slow adaptability
· This leads to increased latency in CLI reporting which is not suitable for fast adaptation to mitigate CLI
· L1/L2 report can be obtained by gNB-DU with lower latency, in turn it can better reflect current CLI
· L1 report can be sent on-demand enabling fast L1 beam adaptation

Limitation # 2: QCL Type-D
Rel-16 CLI framework does not support signalling/configuration of Rx beam (QCL-D) for CLI measurement. Specifically, Rx beam for CLI measurement is up to UE implementation as QCL-D follows one of the latest received PDSCH and the latest monitored CORESET. In turn, gNB cannot characterize CLI for different Rx beams in order to enable CLI-aware beam management.
Observation 17: In Rel-16 CLI framework, there is no dedicated signalling or configuration of QCL-D for CLI measurement, hence not suitable for enabling CLI-aware beam management 

Limitation # 3: Subband CLI
Rel-16 CLI framework does not support subband CLI reporting, i.e., reporting CLI for one or more subbands in the measurement bandwidth. It supports wideband CLI reporting 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.
Observation 18: Rel-16 CLI framework does not support subband CLI reporting, i.e., reporting CLI for one or more subbands in the measurement bandwidth. In SBFD, CLI leakage to adjacent subbands is not uniform over the measurement bandwidth and may require subband CLI reporting.

Possible Enhancement for inter-UE CLI
Considering that Rel-16 CLI reporting is L3 which lacks flexibility and is not suitable for measurement of dynamic CLI in full-duplex operation. L1 or L2 based reporting is beneficial to adapt to fast inter-UE CLI within one cell.
[bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168][bookmark: _Ref525738606][bookmark: _Ref7626308][bookmark: _Ref21100018]Proposal 1: Support L1/L2 based CLI reporting to increase flexibility and reduce reporting latency compared to Rel-16 L3 based framework. 

In Rel-16 CLI framework, Rx beam for CLI measurement is up to UE implementation and can’t be used for enabling CLI measurement and reporting in different spatial directions
Proposal 2: Support UE Rx beam (QCL-D) configuration and indication per CLI measurement resource for enabling CLI-aware beam management.
In Rel-16 CLI framework, only wideband CLI reporting is supported based on CLI measurement resource bandwidth. In SBFD operation, CLI leakage is non-uniform over the DL subbands and may require CLI reporting with increased frequency granularity.
Proposal 3: Support subband-based CLI reporting for accurate measurement of CLI leakage in SBFD.
Inter-gNB Cross-link interference mitigation techniques 
Limitation of Rel-16 RIM
In Rel-16, remote interference management (RIM) [2] was introduced to facilitate interference detection and mitigation from a remote gNB caused by the atmospheric ducting effect. The DL transmission from a remote gNB interferes with UL reception at victim gNB, as propagation delay experienced by a transmission from the remote gNB is larger than the guard period between DL and UL. 
In Rel-16 RIM framework, RIM-RS is transmitted by the gNBs which carries the set ID of the transmitting gNB. Additionally, RIM-RS is used for conveying information about presence of ducting phenomenon and whether the applied interference mitigation is sufficient or not.
In full-duplex operation, gNBs may experience CLI from neighboring gNBs and this inter-gNB CLI will dependent on Tx/Rx beams used at the gNBs, especially in FR2. In Rel-16 RIM framework, there is no support for beam-based interference detection. In turn, Rel-16 RIM will have limited utility for interference management in full-duplex which may require advance coordination for beam management between neighbouring gNBs.
Observation 19: In Rel-16 RIM framework, there is no support for beam-based interference detection and mitigation which may be needed for reducing inter-gNB CLI in full-duplex.
Observation 20: Rel-16 RIM-RS is used for conveying information about presence of ducting phenomenon and sufficiency of the applied interference mitigation. It was not intended for enabling inter-gNB CLI channel measurement.
Possible enhancement
Inter-gNB coordination can help reduce impact of inter-gNB CLI in full duplex. Coordination schemes may include RS transmission for inter-gNB CLI measurement. Figure 4‑1 illustrates the Tx/Rx beam-pairs for aggressor and victim gNBs.
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[bookmark: _Ref101880963][bookmark: _Ref101880952]Figure 4‑1 Tx/Rx inter-gNB beam-pairs
Proposal 4: For FR2, support inter-gNB coordination schemes for inter-gNB CLI mitigation in full-duplex to identify compatible inter-gNB beam pairs, which is enabled by inter-gNB CLI measurement and reporting per candidate DL/UL beam pair. 
Other possible enhancement for inter-gNB CLI mitigation in full-duplex is to optimize Tx beamforming and Rx nulling at the gNBs based on knowledge of inter-gNB CLI channel.
Proposal 5: Support of inter-gNB CLI channel measurement and reporting to neighbouring gNBs for enabling Tx/Rx beamforming or nulling.
Coexistence with legacy UE
A 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 are aware of full duplex gNB. 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 UEs pair 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, shown in Figure 5‑1, 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 6: gNB should handle legacy UE by utilizing Rel-16 CLI framework and proper scheduling. 
Proposal 7: For the coexistence study of legacy UE, No change in UE RF requirements. 




[bookmark: _Ref102105967][bookmark: _Ref102105971]Figure 5‑1: Coexistence with legacy UE and inter-UE CLI

Co-existence with legacy gNB
Intra-operator 
For a mixture of legacy TDD gNB and full duplex gNB of same operator, inter-gNB cross link interference can be mitigated by gNB implementation techniques, e.g., muting some of the frequency resources.  For the slots where two neighbouring gNBs (full-duplex and legacy TDD) have different traffic directions, subband muting will provide enough frequency isolation to mitigate such interference in a similar way of two full duplex gNB. Other techniques include interference nulling and interference cancelation.



Figure 6‑1: Muting technique to handle coexistence with legacy gNB

Proposal 8: Intra-operator coexistence with legacy gNB can be handled by gNB implementation technique as subband muting, beamform nulling and interference cancellation. 
Inter-operator
The coexistence with legacy operator should be handled by the full duplex gNB. The full duplex gNB should align the edge subband with the same direction of the other operator as shown in Figure 6‑2. In addition, to protect the UL reception from inter-gNB interference, maximum frequency separation is required. This will require the other traffic direction in the middle of the band.  


[bookmark: _Ref102108822]Figure 6‑2: inter-operator coexistence with leagacy operator

Proposal 9: It is up to the operator deploying SBFD to make sure that inter-operator interference is addressed by subband alignment and maximum frequency separation between the UL and DL at the neighbouring channel. 

Techniques and solution for enabling SBFD
Slot format and UL/DL subband
For the gNB to serve different UEs with simmutenous UL and DL in the SBFD slot, these slots should be either configured as flexible or as UL or DL slots based on the UE dedicated pattern. SFI could be used to flexibly indicate specific slots format as DL or UL, however, support of SFI is optional UE feature. The other configuration which is based on UE-specific slot pattern has some limitation on adapting to traffic and can’t leverage latency reduction benefits of SBFD. To overcome this limitation, more than once TDD pattern could be configured. 
[image: ]
Figure 7‑1: UE dedicated slot pattern
Observation 21: gNB can configure SBFD slot as flexible slots from UE perspective UE and rely on dynamic scheduling and SFI to schedule different traffic direction. However, there is limitation on RRC configured UL/DL channel and in addition SFI is optional UE feature.
Observation 22: Using dedicated slot pattern have limitation on adapting to traffic direction and can’t enable SBFD latency reduction.
Proposal 10: RAN1 to study how to configure more than one TDD slot patterns per cell to enable gNB full duplex operation across HD-UEs. 
In addition, it is useful for the HD UE to be aware the locations of the SBFD slots and the frequency resources of both the UL and DL subbands. Such information could be helping the UE to know the available frequency resources for DL or UL within the DL and UL BWPs respectively. Furthermore, this solution doesn’t require introduction of special slot format for the SBFD operation. 
Observation 23: It is beneficial for HD UE to be aware of of gNB full duplex operation in specific slot format and the frequency resources between the DL and UL subbands. 


Proposal 11: RAN1 to study how to indicate to the UE which slots are SBFD slots and the configuration of UL-DL subbands frequency resources.
Restriction relaxation
In R15/16 due to TDD operation mode of the gNB, many restrictions rules on time-domain multiplexing 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 7‑2: Example for flexible slot restriction in TDD and possible relaxation in SBFD

Observation 24: 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 12: The restriction rules on the DL/UL channel/RS multiplexing can be relaxed for a HD UE aware of gNB FD to improve resource utilization, reduce DL/UL switching delay and traffic latency. 
Leveraging Rel-17 IAB solutions 
In R17 IAB, operation parameter coordination is introduced to facilitate simultaneous operation between IAB-MT link and IAB-DU link.  The Simultaneous operation includes Rx+Rx, Tx+Tx, and Rx+Tx between IAB MT and IAB DU. The coordinated parameters include UL/DL power control parameters, beam, Tx/Rx timing. 
· The desired DL TX power adjustment, indicated by the IAB-MT to its parent-node to assist with the parent-node’s DL TX power allocation, is provided at least for specific time resources. 
· In case of simultaneous MT/DU operation, 
· the parent node can dynamically indicate to the child node at least a set of restricted beams at the IAB-DU of the child node
· the child node can dynamically report to the parent node a set of recommended beams, not preferred beams, or both recommended and not preferred beams of the IAB-MT of the child node
· IAB node can feed back to its parent node that a particular timing mode is required to support simultaneous operation.



Figure 7‑3: R17 IAB parameter coordination

Similar coordination schemes can be extended to gNB FD for inter-UE CLI mitigation. For example, the UE can indicate the desired UL power, DL power, preferred or non-preferred beam and TA adjustment to reduce the impact of the CLI. 
Proposal 13:R17 IAB framework on operation parameter coordination between IAB-MT and IAB-DU links can be extended to gNB FD for CLI mitigation via DL/UL operation parameter coordination
· UE can indicate desired DL/UL power adjustment, preferred or restricted beam, preferred neighbour UE TA adjustment to reduce impact of CLI.

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: 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 2: More than 80 dB of spatial isolation could be achieved using two separate panels with spatial duplexer.
Observation 3: For FR2, more than 80-90 dB of spatial isolation could be achieved using two separate panels at 28 GHz frequency.
Observation 4: The frequency isolation could be approximated as flat, non-frequency selective profile and its value per-RB is 
Observation 5: 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 6: 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 7: With enough spatial isolation between the panels, there is no need for RF subband filtering. 
Observation 8: A baseband analog LPF may be used to reject the DL blocker and improve the ADC dynamic range. 
Observation 9: For FR2, it is feasible for implementation to achieve ACLR requirement without RF filtering.
Observation 10: 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 11: 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 12: The residual self-interference including both direct leakage and clutter echo can be cancelled using non-linear digital cancellation algorithm.
Observation 13: Digital NLIC can provide additional isolation and improvement to alleviate self-interference.
Observation 14: Self-interference could be mitigated by means of spatial isolation, frequency isolation and digital IC which makes SBFD feasible with minimal impact on UL desense. 
Observation 15: Qualcomm implemented a prototype of full duplex basestation and validated feasibility of Sub-band full duplex gNB in wide-area deployments. 
Observation 16: Rel-16 CLI reporting is based on L3 which has limited flexibility and slow adaptability
· This leads to increased latency in CLI reporting which is not suitable for fast adaptation to mitigate CLI
· L1/L2 report can be obtained by gNB-DU with lower latency, in turn it can better reflect current CLI
· L1 report can be sent on-demand enabling fast L1 beam adaptation

Observation 17: In Rel-16 CLI framework, there is no dedicated signalling or configuration of QCL-D for CLI measurement, hence not suitable for enabling CLI-aware beam management 
Observation 18: Rel-16 CLI framework does not support subband CLI reporting, i.e., reporting CLI for one or more subbands in the measurement bandwidth. In SBFD, CLI leakage to adjacent subbands is not uniform over the measurement bandwidth and may require subband CLI reporting.
Observation 19: In Rel-16 RIM framework, there is no support for beam-based interference detection and mitigation which may be needed for reducing inter-gNB CLI in full-duplex.
Observation 20: Rel-16 RIM-RS is used for conveying information about presence of ducting phenomenon and sufficiency of the applied interference mitigation. It was not intended for enabling inter-gNB CLI channel measurement.
Observation 21: gNB can configure SBFD slot as flexible slots from UE perspective UE and rely on dynamic scheduling and SFI to schedule different traffic direction. However, there is limitation on RRC configured UL/DL channel and in addition SFI is optional UE feature.
Observation 22: Using dedicated slot pattern have limitation on adapting to traffic direction and can’t enable SBFD latency reduction.

Observation 23: It is beneficial for HD UE to be aware of of gNB full duplex operation in specific slot format and the frequency resources between the DL and UL subbands. 
Observation 24: 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. 

And here is the summary of our proposals:
Proposal 1: Support L1/L2 based CLI reporting to increase flexibility and reduce reporting latency compared to Rel-16 L3 based framework. 

Proposal 2: Support UE Rx beam (QCL-D) configuration and indication per CLI measurement resource for enabling CLI-aware beam management.
Proposal 3: Support subband-based CLI reporting for accurate measurement of CLI leakage in SBFD.
Proposal 4: Support inter-gNB coordination schemes for inter-gNB CLI mitigation in full-duplex to identify compatible inter-gNB beam pairs, which is enabled by inter-gNB CLI measurement and reporting per candidate DL/UL beam pair. 
Proposal 5: Support of inter-gNB CLI channel measurement and reporting to neighbouring gNBs for enabling Tx/Rx beamforming or nulling.
Proposal 6: gNB should handle legacy UE by utilizing Rel-16 CLI framework and proper scheduling. 
Proposal 7: For the coexistence study of legacy UE, No change in UE RF requirements. 
Proposal 8: Intra-operator coexistence with legacy gNB can be handled by gNB implementation technique as subband muting, beamform nulling and interference cancellation. 
Proposal 9: It is up to the operator deploying SBFD to make sure that inter-operator interference is addressed by subband alignment and maximum frequency separation between the UL and DL at the neighbouring channel. 
Proposal 10: RAN1 to study how to configure more than one TDD slot patterns per cell to enable gNB full duplex operation across HD-UEs. 
Proposal 11: RAN1 to study how to indicate to the UE which slots are SBFD slots and the configuration of UL-DL subbands frequency resources.
Proposal 12: The restriction rules on the DL/UL channel/RS multiplexing can be relaxed for a HD UE aware of gNB FD to improve resource utilization, reduce DL/UL switching delay and traffic latency. 
Proposal 13: R17 IAB framework on operation parameter coordination between IAB-MT and IAB-DU links can be extended to gNB FD for CLI mitigation via DL/UL operation parameter coordination
· UE can indicate desired DL/UL power adjustment, preferred or restricted beam, preferred neighbour UE TA adjustment to reduce impact of CLI.
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