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1 [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]The Rel-18 study item of NR duplex evolution is nearing completion. RAN1 completed its study in RAN1#114, and RAN4 has two working group meetings remaining. The results of the study in RAN1 and RAN4 are documented in TR38.858 [1]. In this paper, we present our views on the potential continuation work of NR duplex evolution in Rel-19.
2 Discussion
The study item of NR duplex evolution aims to identify the feasibility and solutions to improve the configuration flexibility for NR TDD operations in unpaired spectrum. Two schemes were considered:
· Subband non-overlapping full duplex (SBFD), which allows simultaneous DL and UL transmissions at the gNB on the same TDD band.
· Dynamic/flexible TDD, which allows dynamic/flexible UL/DL configurations among different base stations.
Both SBFD and dynamic/flexible TDD were studied in detail during the study phase, including deployment scenarios, evaluation methodologies, potential schemes and enhancements, and performance evaluations. Cross-link interference (CLI) between gNBs and UEs was identified as a common challenge for both SBFD and dynamic/flexible TDD, although the interference types differ in some cases. Candidate solutions for gNB-gNB co-channel CLI and UE-UE co-channel CLI handling were studied for both schemes.
For potential Rel-19 normative work, the gNB-gNB co-channel CLI handling schemes and UE-UE co-channel CLI handling schemes, which can be common to both SBFD and dynamic/flexible TDD, should be prioritized, as they can be beneficial for both scenarios.
Observation 1: For potential Rel-19 normative work, the gNB-gNB co-channel CLI handling schemes and UE-UE co-channel CLI handling schemes, which can be common for both SBFD and dynamic/flexible TDD, should be prioritized.
Section 2.1 and Section 2.2 summarize the studies on the SBFD and dynamic/flexible TDD separately. 
Rel-18 study on subband full duplex
Motivation of SBFD
[bookmark: OLE_LINK1]Conventional TDD networks typically use semi-static DL-dominant UL/DL configurations, which can result in reduced uplink coverage and increased latency due to the limited time duration allocated for the uplink. SBFD, on the other hand, provides the flexibility of simultaneous downlink and uplink transmission at the gNB, which is expected to improve uplink performance in terms of coverage and latency. 
As shown in Figure 1 (1), for macro deployment, SBFD can provide uplink resources in more slots. This means that UEs at the cell edge have more uplink resources, and uplink coverage can be improved. For indoor deployment, where coverage is typically not an issue, SBFD can reduce latency due to increased transmission opportunities. 
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(1)  Macro deployment                                               (2) Indoor deployment
[bookmark: _Ref144312867]Figure 1. Candidates of interested SBFD deployment scenarios
Theoretical analysis shows that SBFD with slot format XXXXX (X is SBFD slot with UL/DL subband) can provide a coverage gain of about 7dB compared with semi-static TDD with slot format DDDSU, and 4dB compared with semi-static TDD with slot format DDSUU. However, this coverage gain can only be achieved when the interference in the system is appropriately handled. 
During the study phase, many scenarios were considered and evaluated for SBFD, including Urban Macro, Dense Urban Macro, and indoor office. Among these scenarios, Urban Macro and Dense Urban Macro are the most attractive scenarios for uplink coverage improvement, but they are also the most challenging scenarios for SBFD implementation due to strong self-interference and cross-link interference between gNBs and UEs. The key issues and challenges for SBFD revealed in the study phase are discussed in the following subsections.
Key challenges
There are several key challenges to support simultaneous UL reception and DL transmission at the BS.  
Self-interference: The DL transmissions from a SBFD BS can interfere with UL signals that the same BS is attempting to receive. This self-interference can be caused by DL transmissions in the same channel, and in the case of multi-carrier BSs, also by DL transmissions in adjacent channels or bands. The self-interference can be effectively suppressed by implementation, as the transmitter and receiver are co-located in the same site. However, it is challenging to implement high isolation between the transmitter and receiver, which would require high-isolation transmit/receive (TRX) antenna arrays and possibly interference cancellation (RF domain and/or digital domain). 
In RAN4 discussions, the isolation between TRXs has been modeled as shown in Table 1. The isolation capabilities vary widely, and 155dB isolation would be required to achieve a 1dB sensitivity degradation when considering 3 sectors in the same site.
[bookmark: _Ref144458154]Table 1. Value range of Residual Self-Interference Cancellation (RSIC)
	Parameter
	FR1(Frequency Range 1)
	FR2(Frequency Range 2)

	Spatial isolation 
	50~80dBc
	80-120 dBc

	Frequency isolation
	45 dBc 
	22.5~30 dBc

	Beam nulling /isolation
	0~40 dBc
	0~40 dBc

	Digital IC 
	0~50 dBc
	0~50 dBc

	Overall RSIC capability 
	95 ~185 dBc
	102.5~ 205 dBc

	NOTE1: Other isolation schemes could be discussed further.
NOTE 2: Both transmitter leakage to the RX sub-band and interference arising from receiver imperfections need to be considered. Receiver imperfections may reduce the RSIC to be lower than the RSIC considering transmitter leakage alone. RAN4 will assess impact of Rx impairments on the RSIC capability. But the RSIC model can potentially be simplified to address impact from both aspects together. 


Cross link interference: In a SBFD network, the DL transmissions from other base stations in the same operator can interfere with UL signals that a SBFD BS is trying to receive. This is known as inter-site gNB-gNB co-channel inter-suband CLI. Moreover, the UL signals of the SBFD may also be interfered by the DL transmission of the BS of another operator, which is gNB-gNB adjacent channel CLI. There are two aspects caused by the gNB-gNB co-channel inter-subband CLI as discussed in RAN1 when interference modeling was discussed 
	For discussion of gNB-gNB and UE-UE co-channel inter-subband CLI modelling in system level simulation, RAN1 understands at least the following two aspects need to be considered:
· Aspect 1: The unwanted emissions due to Tx non-linearity at the transmitter of the aggressor from the allocated RBs to the non-allocated RBs in the same carrier.
· Aspect 2: The receiver selectivity at the victim to receive the desired signal in the allocated RBs in the presence of the unwanted signals at the non-allocated RBs. (e.g. receiver blocking at the victim, overload of the receiver dynamic range, etc.)


Hereafter, we denote the impact due to Aspect 1 as leakage interference and impact due to aspect 2 as blocking interference. There are not many interference suppression techniques proposed for gNB-gNB co-channel CLI during the study. 
· In particular, the inter-subband interference due to leakage is nonlinear, which makes it difficult to apply beamforming techniques in the transmitter to redirect the interference to other directions. One promising way is to mitigate the interference at the receiver. Multiple antennas can be used at the receiver to suppress the interference, but the accuracy of the interference measurement will have a significant impact on the effectiveness of the suppression. 
· Another challenge is the blocking interference, where the CLI of inter-subband and intra subband both fall into the LNA of the receiver. The blocking interference will result in non-linearity at the receiver side, which will also degrade the uplink performance. Beam nulling was proposed to deal with the blocking interference, where the transmitter directs its beam or precoding direction to avoid strong inter-subband interference to other base stations.
Similarly, the UL transmissions from one UE in the same operator can interfere with DL signals that another UE is trying to receive. This is known as UE-UE co-channel inter-suband CLI. Moreover, the DL signals of the UE may also be interfered by the UL transmission of the UE from another operator, which is UE-UE adjacent channel CLI. The UE-UE CLI needs to handled properly in order not to degrade the DL performance. Several potential solutions such as coordinated scheduling, power control, etc. were proposed during the study phase.
[bookmark: _Hlk144459885]Self-interference and cross-link interference can significantly degrade the performance of SBFD systems. The key issue in SBFD is not the signaling and procedures to enable SBFD operation, but rather how to suppress the interference and what are the costs and benefits of doing so. TR38.858 highlights the importance of interference suppression for SBFD and the challenges that need to be addressed in order to achieve the full potential of this technology. 
For UE-UE co-channel CLI handling, L3-based UE-to-UE CLI measurement and reporting scheme was specified in Rel-16. This scheme can be reused for SBFD. However, there is no standardized solution for gNB-gNB co-channel CLI handling in previous releases. Given the impact on SBFD performance, it is sensible to include this in the potential normative work. It is also worth noting that gNB-gNB co-channel CLI handling can also be beneficial for dynamic/flexible TDD. Therefore, gNB-gNB co-channel CLI handling should be prioritized in the potential normative work.
	For SBFD deployment case 1, RAN1 concluded that DL/UL UPT gain and loss at least come from the following reasons
· In case of using SBFD with XXXXX slot format, the UL UPT gain at least comes from more UL transmission opportunities for semi-static SBFD compared to legacy TDD, and the DL UPT gain at least comes from the more DL transmission opportunities for semi-static SBFD compared to legacy TDD. 
· In case of using SBFD with XXXXU slot format, the UL UPT gain at least comes from more UL resources and more UL transmission opportunities for semi-static SBFD compared to legacy TDD, and the DL UPT loss for SBFD at least comes from less DL resources for semi-static SBFD compared to legacy TDD. 
· The UL UPT loss at least comes from inter-site gNB-gNB CLI and co-site inter-sector gNB-gNB for Urban Macro and Dense Urban Macro layer. The co-site inter-sector gNB-gNB CLI occurs due to insufficient co-site inter-sector CLI suppression capability. Also, the UL UPT loss at least comes from noise figure increase due to higher blocker power.
· The DL UPT loss at least comes from UE-to-UE CLI. 


Observation 2: Self-interference and cross-link interference are two major challenges for SBFD. Leakage interference from DL subband to UL subband is particularly challenging because it is nonlinear and cannot be easily mitigated by frequency domain coordinated scheduling or transmitter-based beamforming.
Observation 3: For potential Rel-19 normative work, the first priority is not the signaling and procedures to enable SBFD operation, but rather how to suppress the gNB-gNB co-channel CLI.
Performance evaluation
UPT performance 
The UPT performance of SBFD without CLI handling has been captured in section 13.1.1.1 of TR38.858. The general observation that whether SBFD can provide performance improvement over semi-static TDD depend at least on the following factors: deployment scenarios, traffic loads and the total capability of spatial isolation and digital isolation for co-site inter-sector CLI.  
The following was captured for indoor scenario assuming SBFD deployment case 1 with SBFD slot format XXXXX.
	For SBFD deployment case 1, SBFD with XXXXX slot format (X is SBFD slot with UL/DL subband) are assumed as compared to semi-static TDD (DDDSU)
· For FR1 indoor scenario, semi-static SBFD provides performance improvement for both DL and UL for all load levels and small/large packet size except for limited 5% DL UPT loss at medium load level and large packet sizes
· In case of small packet size, 
· {9.56%, 9.35%, 8.58%} / {10.50%, 12.71%, 8.79%} for mean/5% DL UPT gain
· {101.83%, 97.42%, 93.85%} / {107.58%, 105.44%, 106.52%} for mean/5% UL UPT gain
· In case of large packet size, 
· {1.86%, 2.21%, 2.73%} / {1.73%, -1.19%, 0.54%} for mean/5% DL UPT gain/loss
· {10.78%, 13.38%, 13.75%} / {14.13%, 19.91%, 17.70%} for mean/5% UL UPT gain
· For FR2-1 indoor scenario, semi-static SBFD provides performance improvement for both DL and UL for all load levels and both small/large packet sizes, except 5% DL UPT loss at high load level and small packet sizes
· In case of small packet size, 
· {4.84%, 7.57%, 5.95%} / {5.18%, 4.45%, -10.25%} for mean/5% DL UPT gain/loss
· {55.30%, 54.71%, 72.66%} / {50.71%, 46.45%, 59.26%} for mean/5% UL UPT gain
· In case of large packet size, 
· {3.63%, 3.36%, 3.60%} / {6.03%, 6.67%, 3.35%} for mean/5% DL UPT gain
· {16.60%, 22.22%, 20.61%} / {38.79%, 71.05%, 86.18%} for mean/5% UL UPT gain


Based on above, it can be observed that for indoor scenario, compared to semi-static TDD DDDSU, SBFD provides performance improvement for both DL and UL for all load levels and small/large packet size with only a limited number of exceptions even without CLI handling.
Observation 4: SBFD can be beneficial for low-power node deployment, and inter-gNB and inter-UE CL) are not significant to negatively impact SBFD performance.
Instead of indoor scenario, macro scenarios are the most important scenario for operators. Therefore, the understanding SBFD performance for macro deployment is critical. As discussed above, SBFD is expected to provide uplink coverage gain for macro deployment, such as Urban Macro and Dense Urban Macro for FR1. In general, macro deployments are more challenging for SBFD than low-power node deployments. This is also reflected in the performance evaluation results.
The following was captured in TR38.858 for Urban Macro scenario and Dense Urban Macro scenarios FR1 assuming SBFD deployment case 1 with SBFD slot format XXXXX.
	For SBFD deployment case 1, SBFD with XXXXX slot format (X is SBFD slot with UL/DL subband) are assumed as compared to semi-static TDD (DDDSU) 
· For Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93 dB, 
· In case of small packet size, semi-static SBFD provides performance improvement for DL for low load level and for UL for all load levels (for at least one of mean and 5% UPT): {6.53%, -1.96%, -19.87%} / {-0.51%, -68.33%, -85.70%} for mean/5% DL UPT gain/loss; {97.24%, 69.31%, 62.22%} / {67.19%, 38.66%, -0.67%} for mean/5% UL UPT gain/loss
· In case of large packet size, semi-static SBFD provides performance improvement for UL for low load level: {-8.17%, -30.29%, -33.03%} / {-9.59%, -73.35%, -89.16%} for mean/5% DL UPT loss; {24.00%, -2.88%, -17.64%} / {164.97%, -52.87%, -69.03%} for mean/5% UL UPT gain/loss
· For Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is equal to 93 dB: 
· In case of small packet size, semi-static SBFD provides performance improvement for UL for low load level and medium load levels (for at least one of mean and 5% UPT) : {-2.59%, -6.88%, -17.55%} / {-37.98%, -48.89%, -78.27%} for mean/5% DL UPT loss; {34.65%, 18.85%, -1.33%} / {18.12%, -13.03%, -38.49%} for mean/5% UL UPT gain/loss
· In case of large packet size, semi-static SBFD provides performance improvement for UL for low load level: {-8.47%, -34.75%, -32.86%} / {-4.26%, -88.67%, -84.60%} for mean/5% DL UPT loss; {8.54%, -23.92%, -78.23%} / {187.62%, -45.51%, -69.03%} for mean/5% UL UPT gain/loss
· For Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is less than 93 dB, 
· In case of small packet size, semi-static SBFD provides no performance improvement: {-14.55%, -15.11%, -20.87%} / {-78.16%, -98.06%, -99.62%} for mean/5% DL UPT loss; {-6.50%, -27.59%, -43.73%} / {-98.32%, -100%, -100%} for mean/5% UL UPT loss
· In case of large packet size, semi-static SBFD provides no performance improvement: {-25.70%, -40.50%, -45.29%} / {-75.30%, -94.59%, -97.64%} for mean/5% DL UPT loss; {-31.00%, -74.48%, -86.16%} / {-100%, -100%, -100%} for mean/5% UL UPT loss
· For Dense Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93 dB, 
· In case of small packet size, semi-static SBFD provides performance improvement for UL for all load levels (for at least one of mean and 5% UPT): {1.90%, -5.76%, -12.57%} / {0.01%, -24.09%, -67.74%} for mean/5% DL UPT gain/loss; {94.73%, 63.40%, 32.12%} / {36.17%, -37.56%, -88.59%} for mean/5% UL UPT gain/loss
· In case of large packet size, semi-static SBFD provides performance improvement for DL and UL for low load level (for at least one of mean and 5% UPT): {1.18%, -5.57%, -11.35%} / {-1.49%, -27.51%, -58.09%} for mean/5% DL UPT gain/loss; {20.54%, -12.87%, -49.27%} / {15.51%, -59.62%, -96.97%} for mean/5% UL UPT gain/loss
· For Dense Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is equal to 93 dB, 
· In case of large packet size, semi-static SBFD provides performance improvement for UL for all load levels: {1.18%, -1.58%, -6.07%} / {-1.49%, -5.34%, -10.59%} for mean/5% DL UPT gain/loss; {28.96%, 21.52%, 17.32%} / {52.17%, 55.17%, 25.98%} for mean/5% UL UPT gain


Based on the above, it can be observed that the performance of SBFD for Urban Macro and Dense Urban Macro depends on packet size, traffic load and the total capability of spatial isolation and digital isolation for co-site inter-sector CLI. 
· For all load levels, if the isolation for co-site inter-sector CLI is less than 93dB, SBFD provides no performance improvement for both UL and DL. 93dB is the best value between co-site sectors according to RAN4 recommendation. Therefore, it is critical for the gNB to have a good capability of spatial isolation and digital isolation for co-site inter-sector CLI when SBFD is deployed.
· For low load, the inter-gNB CLI is not significant, SBFD can provide performance improvement for UL due to more transmission opportunities when the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93dB. 
· For medium and high load, which is closer to reality in practical network, SBFD provides no performance improvement for UL in almost all cases. In one case of small packet size for Dense Urban Macro, SBFD provide higher mean UL UPT but the 5% UL UPT is worse than semi-static TDD. The result implies that the UL coverage gain cannot be achieved in macro deployment when inter-gNB CLI increases due to increasing traffic load. 
· The DL UPT is degraded in almost all case especially at medium and high load due to inter-UE CLI. 
It should be noted that CLI handling is not considered in the above simulation results and in some of the simulation results the impact of CLI on channel estimation is not modeled. 
Observation 5: For Urban Macro and Dense Urban Macro, the UPT performance of SBFD with slot format XXXXX depends on packet size, traffic load and the total capability of spatial isolation and digital isolation for co-site inter-sector CLI.
Observation 6: For Urban Macro and Dense Urban Macro, even if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is sufficiently large, the UL coverage gain for SBFD with slot format XXXXX cannot be achieved at medium and high load if the gNB-gNB co-channel CLI is not handled properly.
Observation 7: For Urban Macro and Dense Urban Macro, the DL performance of SBFD with slot format XXXXX are degraded at medium and high load if the UE-UE co-channel CLI is not handled properly.
The following was captured in TR38.858 for Urban Macro scenario and Dense Urban Macro scenarios FR1 assuming SBFD deployment case 1 with SBFD slot format XXXXU.
	For SBFD deployment case 1, SBFD with XXXXU slot format is assumed, 
· For Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93 dB,
· In case of small packet, semi-static SBFD provides significant performance improvement for UL but suffers from degradation for DL
· {-2.92%, -10.59%, -20.61%} / {-7.18%, -18.66%, -57.30%} for mean/5% DL UPT loss
· {126.08%, 120.22%, 107.06%} / {199.31%, 206.18%, 205.37%} for mean/5% UL UPT gain
· In case of large packet, semi-static SBFD provides performance improvement for UL but suffers from degradation for DL
· {-25.62%, -28.92%, -47.44%} / {-25.50%, -57.92%, -85.67%} for mean/5% DL UPT loss
· {66.15%, 53.69%, 40.66%} / {170.00%, 82.67%, 50.34%} for mean/5% UL UPT gain
· For Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is less than 93 dB,
· In case of large packet, semi-static SBFD provides no performance improvement, except limited mean UL UPT gain for low load level and 5% UL UPT gain for high load
· {-32.72%, -50.26%, -52.78%} / {-73.00%, -96.20%, -99.73%} for mean/5% DL UPT loss
· {1.27%, -37.96%, -35.17%} / {-31.70%, -26.68%, 14.21%} for mean/5% UL UPT gain/loss
· For Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is equal to 93 dB,
· In case of small packet, semi-static SBFD provides significant performance improvement for UL but suffers from degradation for DL
· {-0.04%, -2.62%, -12.55%} / {-0.30%, -5.88%, -23.21%} for mean/5% DL UPT loss
· {71.55%, 89.49%, 102.27%} / {273.08%, 238.46%, 198.00%} for mean/5% UL UPT gain
· In case of large packet, semi-static SBFD provides performance improvement for UL but suffers from degradation for DL
· {-25.79%, -35.29%, -51.62%} / {-25.50%, -57.92%, -81.73%} for mean/5% DL UPT loss
· {63.70%, 44.06%, 40.66%} / {203.20%, 55.93%, 42.37%} for mean/5% UL UPT gain
· For Dense Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93 dB, 
· In case of large packet size, semi-static SBFD provides significant performance improvement for UL for all load levels.
· {-26.93%, -31.81%, -38.12%} / {-27.97%, -42.92%, -64.49%} for mean/5% DL UPT loss
· {90.67%, 97.71%, 68.10%} / {102.57%, 103.45%, 147.37%} for mean/5% UL UPT gain
· For Dense Urban Macro (FR1), if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is equal to 93 dB,
· In case of large packet, semi-static SBFD provides significant performance improvement for UL but suffers from degradation for DL
· {-21.92%, -21.92%, -28.36%} / {-33.05%, -32.32%, -51.08%} for mean/5% DL UPT loss
· {123.47%, 112.72%, 123.71%} / {104.36%, 139.28%, 147.37%} for mean/5% UL UPT gain


For Urban Macro and Dense Urban Macro scenarios assuming SBFD deployment case 1 with SBFD slot format XXXXU, it can be observed that the performance of SBFD depends on packet sizes, traffic load and the total capability of spatial isolation and digital isolation for co-site inter-sector CLI. 
· If the isolation for co-site inter-sector CLI is less than 93dB, SBFD provides no or limited performance improvement for UL even if UL resources is increased by 80%. 
· Regardless of the isolation for co-site inter-sector CLI, the DL performance is degraded since the DL resource is reduced by 24%. 
· If the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93dB, SBFD provides significant performance improvement (around 4~5dB) for UL for small packet size. However, it can only provide moderate performance improvement (around 3dB) for 5% UL UPT for large packet sizes, especially at medium and high load. This implies that the UL coverage gain of SBFD reduces when inter-gNB CLI increases due to increasing traffic load. 
Observation 8: For Urban Macro and Dense Urban Macro, the UPT performance of SBFD with slot format XXXXU depends on packet size, traffic load and the total capability of spatial isolation and digital isolation for co-site inter-sector CLI.
Observation 9: For Urban Macro and Dense Urban Macro, even if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is sufficiently large, the UL coverage gain for SBFD with slot format XXXXU is only moderate at medium and high load for large packet size if the gNB-gNB co-channel CLI is not handled properly.
Observation 10: For Urban Macro and Dense Urban Macro, the DL performance of SBFD with slot format XXXXU are degraded due to resource reduce and the UE-UE co-channel CLI.

Coverage performance
The UL coverage performance of SBFD based on LLS has been captured in section 13.1.1.2 of TR38.858
	Based on link level simulation, comparing SBFD with XXXXU slot format and legacy TDD with DDDSU slot format, RAN1 observed, with assumption of 1dB desense for self-interference suppression and different co-site inter-sector isolation values,
· semi-static SBFD with PUSCH repetition type A without/with joint channel estimation provides the UL coverage gain in range of {0.00~6.75}dB and median value of 5.41dB from 13 sources in FR1 UMa and {5.86~8.76}dB and median value of 6.92dB from 4 sources in FR2-1 Dense UMa, respectively.
· semi-static SBFD with TBoMS with/without joint channel estimation provides the UL coverage gain in range of {2.83~6.88}dB and median value of 5.09dB from 4 sources in FR1 UMa and {4.49~7.82}dB and median value of 5.72dB from 2 sources in FR2-1 Dense UMa, respectively.


It can be observed that the range of UL coverage gain of SBFD compared to legacy TDD is large, especially for FR1 UMa which was evaluated by 13 sources. This is because different co-site inter-sector isolation values and/or different inter-gNB interference values are assumed by the source companies in their evaluations. Overall, with a lower co-site inter-sector isolation value and/or a higher inter-gNB interference value, the UL coverage gain of SBFD is limited. Considering the high BS transmission power in Urban Macro deployment, it is crucial and more challenging to have a high co-site inter-sector isolation and also ensure that the inter-gNB interference are effectively suppressed, otherwise the UL coverage gain of SBFD cannot be achieved. Similar observations were made based on the UPT performance in the above section.
Observation 11: The UL coverage performance of SBFD depends on the co-site inter-sector isolation values and inter-gNB interference values, which implies the importance of co-site inter-sector isolation and gNB-gNB co-channel CLI handling, especially in Urban Macro scenarios.
CLI handling for SBFD
Given the significant impact of gNB-to-gNB CLI and UE-to-UE CLI on the performance of SBFD, especially in Urban Macro and Dense Urban Macro scenarios, it is important to mitigate these interferences in order to achieve the UL coverage gain of SBFD without too much degradation in DL performance. Both inter-gNB CLI handling schemes and inter-UE CLI handling schemes were studied in RAN1, including performance evaluation and specification impact.
Inter-gNB CLI handling
For inter-gNB CLI handling, two schemes were proposed, evaluated and captured in TR38.858.
· Scheme 1: Beam nulling scheme based on steering vector or gNB-gNB channel measurement
· Scheme 2: UL Resource Muting-based scheme for measuring gNB-to-gNB interference covariance matrix
Scheme 1, which is implemented at the aggressor gNB, can suppress interference to victim gNBs by taking the potential impact to the victim gNBs into account when determining the DL beamforming weights for DL transmissions. This is done by generating nulls to the victim gNBs. Beam nulling is beneficial for SBFD to reduce blocking at the victim gNB side. As illustrated in Figure 2, the average total power received at the gNB without beam nulling and with beam nulling for slot format XXXXX under Urban Macro scenario. It can be observed that beam nulling significantly reduces the deterioration of noise figure at the gNB and solves the blocking problem at the gNB sides.
Observation 12: For SBFD without CLI handling, the noise figure of receiver deteriorates severely at gNB side and the gNB receiver may be blocked especially at medium and high load. 
Observation 13: For SBFD with beam nulling, the deterioration of noise figure is reduced significantly, and the blocking issue at gNB side can be solved.

[bookmark: _Ref144394727]Figure 2. Blocking analysis at gNB side under Urban Macro scenario for SBFD with slot format XXXX
In addition to the blocking analysis, performance evaluation is provided in section 7.4.2.1.3 of TR38.858. Compared to SBFD without CLI handling, SBFD with beam nulling based on gNB-gNB channel measurement leads to higher mean and 5% UL Average-UPT for all load levels and lower or similar mean and 5% DL Average-UPT for all load levels. 
Scheme 2, which is implemented at the victim gNB, can suppress leakage interference from aggressor gNBs using MMSE-IRC receiver. MMSE-IRC receiver is a typical implementation at Macro base stations. The MMSE-IRC receiver can effectively suppress gNB-gNB CLI in spatial domain, because the state-of-the-art macro BSs are equipped with a large number of antennas. To ensure that the MMSE-IRC receiver can effectively suppress gNB-gNB CLI, both the UL channel for the desired signal and the spatial characteristics of the interference should be measured accurately. 
To measure the UL channel without being impacted by gNB-gNB CLI, one way is to mute the DL symbol corresponding to UL DMRS. To measure the gNB-gNB interference covariance matrix without being impacted by accuracy of UL channel estimation, it was proposed to define specific UL muting resource for the CLI measurement. Since the UL signal will not be transmitted on these UL muting resources from the UE, and the gNB-gNB interference covariance matrix be accurately measured on these muting resources. For SBFD, the UL resource muting-based scheme is mainly used to suppress the gNB-gNB CLI due to the leakage of DL subband at the aggressor gNBs which cannot be suppressed by beam nulling. 
During RAN1 discussion, both transparent UL resource muting-based scheme and non-transparent UL resource muting-based scheme were studied. Performance evaluations are provided in section 7.4.2.2.3 of TR38.858. It is observed that, non-transparent UL resource muting-based IRC has higher mean UL Average-UPT for all load levels due to the larger overhead of muted UL resources assumed for transparent scheme. Both transparent and non-transparent schemes have lower mean DL Average-UPT for all load levels compared to SBFD without inter-gNB CLI handling due to the overhead from DL symbol muting.
For Scheme 2, PAPR and UE complexity with respect to resource mapping and power control due to UL resource muting were brought up during the Rel-18 study phase but details were not discussed sufficiently. 
For PAPR, when the UL muting resource pattern is comb-like and the total number of combs is 2, then PAPR of the uplink transmission will not be affected as shown in Figure 3.
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[bookmark: _Ref144482001]Figure 3. PAPR of different comb-like patterns for UL muting resources
For the resource mapping, in the current specification, for type 1 DMRS and SRS in frequency domain, the resource mapping is comb-like resource mapping. From the implementation point of view, they are the same. In Rel-16, a low PAPR DMRS was specified, and it is also a comb-like resource mapping for the sequence after DFT operation. 
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Figure 4. UL muting in current specification and one of the proposed UL muting
With respect to power control, the total power of the symbol with UL muting resources can be the same with the other UL symbols, and the phase continuity can be maintained. Therefore, for the uplink muting resource, the comb like resource muting pattern can be considered for simplicity. The uplink symbol with muting resources can be at any symbols in a slot, and it can be fixed to some candidate symbols for simplicity. Overall, there are some design aspects to reduce the complexity and reuse the current UE implementations for UL muting resource while still achieve the uplink coverage gain. 
Observation 14: UL muting is already used in the type1 DMRS and the low PAPR DMRS, and the UL muting resource only extend the pattern for DMRS to data.
Observation 15: A comb-2 UL muting pattern does not impact PAPR of the uplink signal and the phase continuity. 
Note that Scheme 1 and Scheme 2 are complementary to each other since Scheme 1 can effectively reduce gNB blocking while Scheme 2 can efficiently suppress interference due to leakage. For potential Rel-19 normative work, both Scheme 1 and Scheme 2 should be included in order to achieve the UL coverage gain of SBFD. 
Proposal 1: For potential Rel-19 normative work, the following inter-gNB CLI handling schemes should be included
· Beam nulling scheme based on gNB-gNB channel measurement
· UL resource muting-based scheme for gNB-gNB CLI suppression
Inter-UE CLI handling
[bookmark: OLE_LINK2]In NR Rel-16, a L3-based UE-to-UE CLI measurement and reporting scheme was specified for dynamic/flexible TDD. This scheme can also be used to facilitate coordinated scheduling for SBFD. During the study phase, there was some interest in L1/L2-based UE-to-UE CLI measurement and reporting, which targets to provide shorter term interference measurements and lower report latency. It is important to evaluate whether these gains can be realized in practice, as they may come at the cost of increased UE complexity and specification impact.
[bookmark: _GoBack]As a matter of fact, the performance comparison between L3 based UE-to-UE CLI measurement and L1/L2 based UE-to-UE CLI measurement was conducted and the evaluation results is captured in section 7.4.3.1 of TR 38.858. In the evaluation, a same coordinated scheduling mechanism is adopted for both L3 based UE-to-UE CLI measurement and L1/L2 based UE-to-UE CLI measurement. DL scheduling is prioritized whenever there is a concurrent UL transmission which generates strong UE-UE co-channel CLI. To mimic L3 based measurement and reporting, only large scale fading is considered. For L1/L2 based measurement and reporting, both large scale and small scale fading are considered. Since the large scale fading does not change in SLS, it is similar to long-term RSRP averaging in practice. For L1/L2 based measurement, it is asumed that each time when scheduling is performed, the instant large scale and small scale fading can be acquired hence it is quite optimistic and can be viewed as an upper performance bound of L1/L2 based measurement. 
Compared to SBFD without inter-UE CLI handling, both coordinated scheduling based on L3 UE-UE CLI measurement and coordinated scheduling based on L1/L2 UE-UE CLI measurement can achieve better mean DL Average-UPT at the cost of mean UL Average-UPT. However, L3 UE-UE CLI measurement has similar performance compared to L1 UE-UE CLI measurement for all load levels. 
Proposal 2: For potential Rel-19 normative work, enhancement to inter-UE CLI handling schemes, e.g. L1/2 UE-UE co-channel CLI measurement and reporting, is deprioritized.
SBFD operation schemes
During the study phase, the potential schemes to enable SBFD operation were studied and the following is captured in the conclusion section of TR38.858 
	SBFD operation at gNB for UEs was studied under the following assumptions, 
· SBFD operation within a TDD carrier,
· SBFD scheme within a single configured DL and UL BWP pair with aligned center frequencies, and 
· Up to one UL subband for SBFD operation in an SBFD symbol (excluding legacy UL symbol) within a TDD carrier.
RAN1 concluded SBFD operation Option 4 is feasible for RRC_CONNECTED state from the RAN1 specification perspective, where SBFD operation Option 4 assumes 
· Both time and frequency locations of subbands for SBFD operation are known to SBFD aware UEs. 
· UE behaviors for non-SBFD aware UEs follow existing specifications.
· From RAN1 perspective, new UE behaviors can be introduced for SBFD aware UEs based on the time and frequency locations of subbands for SBFD operation.
Non-SBFD aware UEs, including legacy UEs, and SBFD aware UEs can coexist in cells with SBFD operation at gNB side from RAN1 specification point of view.
To support SBFD operation Option 4 for RRC_CONNECTED state, RAN1 identified the following potential specification impact for SBFD-aware UE: 
· Indication of time and frequency domain locations of SBFD subbands to UEs
· UE transmission, reception and measurement behavior and procedures in SBFD symbols and/or non-SBFD symbols


Note that the statement of “UE transmission, reception and measurement behavior and procedures in SBFD symbols and/or non-SBFD symbols” is quite broad and covers almost all aspects that have been discussed in the study item. For potential Rel-19 normative work, there is obviously no need to include everything. One example is dynamic SBFD, the evaluations on the performance of dynamic SBFD is not many and the results from different companies are also divergent. Therefore, we suggest dynamic SBFD is not included for potential Rel-19 normative work. PDCCH enhancement is another example which is not essential but incurs a lot of specification changes and UE implementation complexity.
In our view, the subband configuration, and the collision handling can be in the scope since they are basic components for the SBFD operation, while resource allocation and enhancement to UL transmissions and DL receptions across SBFD symbols and non SBFD symbols in different slots are more like performance optimization, which can be taken as the second priority. 
Proposal 3: For potential Rel-19 normative work, the following can be included for SBFD operation
· Time and frequency location configuration of UL/DL subband
· UE collision handling between UL transmission and DL reception for SBFD-aware UEs 
· Frequency resource allocation of CSI-RS and subband configuration of CSI reporting across DL subbands
Proposal 4: For potential Rel-19 normative work, the following can be included as second priority for SBFD operation
· Frequency resource allocation of PDSCH/PUSCH in case of unaligned boundaries between RBG/PRG(s) and SBFD subband(s)
· Enhancement to UL transmissions and DL receptions across SBFD symbols and non SBFD symbols in different slots
Rel-18 study on dynamic/flexible TDD
Motivation of dynamic/flexible TDD
As mentioned in section 2.1.1, conventional TDD networks typically use semi-static DL-dominant UL/DL configurations. With the increasing popularity of industrial use cases, there is an unmet need for higher uplink data rates and capacity. One way to address this need is to use UL-dominant TDD configurations in factories. This can be done by using different TDD UL/DL configurations for factory deployments than for macro deployments. 
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[bookmark: _Ref144485469]Figure 5. Dynamic/flexible TDD configuration and the corresponding deployment scenario
Key challenges
In dynamic/flexible TDD, the key challenges are gNB-gNB co-channel CLI and UE-UE co-channel CLI. For the scenario in Figure 5, the key issue is the gNB-gNB co-channel CLI from macro base stations to small cells. The UE-UE interference is not significant due to the penetration loss. The level of gNB-gNB CLI may vary depending on the distance between the base stations, the penetration loss of the walls, etc. To ensure that dynamic/flexible TDD can provide significant uplink capacity, it is important to develop effective and efficient methods to suppress gNB-gNB co-channel CLI.
CLI handling for dynamic/flexible TDD
For dynamic/flexible TDD, both gNB-gNB co-channel CLI handling schemes and UE-UE co-channel CLI handling schemes are studied. During the study, there are some performance evaluation for gNB-to-gNB co-channel CLI handling schemes and there is no evaluation on UE-UE co-channel CLI handling schemes. 
For inter-gNB handling, several schemes are proposed
· Scheme 1: UL Resource Muting-based scheme
· Scheme 2: Coordinated scheduling
· Scheme 3: Spatial domain coordination Scheme for gNB Tx-Beam Nulling
· Scheme 4: Power Control scheme based on gNB Tx Power Adjustment
· Scheme 5: Power Control scheme based on UE Tx Power Adjustment
The proposed schemes were studied and the performance evaluation and specification impact are captured in Section 8.3 of TR 38.858.
Based on the description and evaluation results, it can be observed that the Scheme 1 and Scheme 3 are actually the same as those proposed for SBFD. 
For some solutions under Scheme 2, no specification impact is identified and it may not be applicable for SBFD. For Scheme 4 and Scheme 5, simulation results show that even though there is gain in UL/DL performance but there is also some performance loss in DL/UL. Therefore, we propose to prioritize Scheme 1 and Scheme 3 in the potential normative work for Rel-19 given that they can be applied for both SBFD and dynamic/flexible TDD.
Proposal 5: Both SBFD and dynamic/flexible TDD are in the scope of potential Rel-19 normative work. For gNB-gNB CLI handling, include UL Resource Muting-based scheme and Spatial domain coordination Scheme for gNB Tx-Beam Nulling, which can be beneficial for both SBFD and dynamic/flexible TDD.
3 Conclusion
Based on the discussion, we have the following observation and proposals
Observation 1: For potential Rel-19 normative work, the gNB-gNB co-channel CLI handling schemes and UE-UE co-channel CLI handling schemes, which can be common for both SBFD and dynamic/flexible TDD, should be prioritized.
Observation 2: Self-interference and cross-link interference are two major challenges for SBFD. Leakage interference from DL subband to UL subband is particularly challenging because it is nonlinear and cannot be easily mitigated by frequency domain coordinated scheduling or transmitter-based beamforming.
Observation 3: For potential Rel-19 normative work, the first priority is not the signaling and procedures to enable SBFD operation, but rather how to suppress the gNB-gNB co-channel CLI.
Observation 4: SBFD can be beneficial for low-power node deployment, and inter-gNB and inter-UE CL) are not significant to negatively impact SBFD performance.
Observation 5: For Urban Macro and Dense Urban Macro, the UPT performance of SBFD with slot format XXXXX depends on packet size, traffic load and the total capability of spatial isolation and digital isolation for co-site inter-sector CLI.
Observation 6: For Urban Macro and Dense Urban Macro, even if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is sufficiently large, the UL coverage gain for SBFD with slot format XXXXX cannot be achieved at medium and high load if the gNB-gNB co-channel CLI is not handled properly.
Observation 7: For Urban Macro and Dense Urban Macro, the DL performance of SBFD with slot format XXXXX are degraded at medium and high load if the UE-UE co-channel CLI is not handled properly.
Observation 8: For Urban Macro and Dense Urban Macro, the UPT performance of SBFD with slot format XXXXU depends on packet size, traffic load and the total capability of spatial isolation and digital isolation for co-site inter-sector CLI.
Observation 9: For Urban Macro and Dense Urban Macro, even if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is sufficiently large, the UL coverage gain for SBFD with slot format XXXXU is only moderate at medium and high load for large packet size if the gNB-gNB co-channel CLI is not handled properly.
Observation 10: For Urban Macro and Dense Urban Macro, the DL performance of SBFD with slot format XXXXU are degraded due to resource reduce and the UE-UE co-channel CLI.
Observation 11: The UL coverage performance of SBFD depends on the co-site inter-sector isolation values and inter-gNB interference values, which implies the importance of co-site inter-sector isolation and gNB-gNB co-channel CLI handling, especially in Urban Macro scenarios.
Observation 12: For SBFD without CLI handling, the noise figure of receiver deteriorates severely at gNB side and the gNB receiver may be blocked especially at medium and high load. 
Observation 13: For SBFD with beam nulling, the deterioration of noise figure is reduced significantly, and the blocking issue at gNB side can be solved.
Observation 14: UL muting is already used in the type1 DMRS and the low PAPR DMRS, and the UL muting resource only extend the pattern for DMRS to data.
Observation 15: A comb-2 UL muting pattern does not impact PAPR of the uplink signal and the phase continuity. 

Proposal 1: For potential Rel-19 normative work, the following inter-gNB CLI handling schemes should be included
· Beam nulling scheme based on gNB-gNB channel measurement
· UL resource muting-based scheme for gNB-gNB CLI suppression
Proposal 2: For potential Rel-19 normative work, enhancement to inter-UE CLI handling schemes, e.g. L1/2 UE-UE co-channel CLI measurement and reporting, is deprioritized.
Proposal 3: For potential Rel-19 normative work, the following can be included for SBFD operation
· Time and frequency location configuration of UL/DL subband
· UE collision handling between UL transmission and DL reception for SBFD-aware UEs 
· Frequency resource allocation of CSI-RS and subband configuration of CSI reporting across DL subbands
Proposal 4: For potential Rel-19 normative work, the following can be included as second priority for SBFD operation
· Frequency resource allocation of PDSCH/PUSCH in case of unaligned boundaries between RBG/PRG(s) and SBFD subband(s)
· Enhancement to UL transmissions and DL receptions across SBFD symbols and non SBFD symbols in different slots
Proposal 5: Both SBFD and dynamic/flexible TDD are in the scope of potential Rel-19 normative work. For gNB-gNB CLI handling, include UL Resource Muting-based scheme and Spatial domain coordination Scheme for gNB Tx-Beam Nulling, which can be beneficial for both SBFD and dynamic/flexible TDD.

From the above analysis, and the potential Rel-19 work item scope for NR duplex evolution is proposed as follows:
	· Specify solutions to enable gNB-gNB co-channel CLI management for SBFD and flexible/dynamic TDD [RAN1]
· UL resource muting-based scheme for gNB-gNB co-channel CLI suppression
· Beam nulling scheme based on gNB-gNB channel measurement
· Specify signaling and UE procedure to enable SBFD operation [RAN1]
· Time and frequency location configuration of UL/DL subband
· UE collision handling between UL transmission and DL reception for SBFD-aware UEs 
· Enhancements to physical layer channels/signals and procedures for SBFD [RAN1]
· Frequency resource allocation of PDSCH/PUSCH in case of unaligned boundaries between RBG/PRG(s) and SBFD subband(s)
· Frequency resource allocation of CSI-RS and subband configuration of CSI reporting across DL subbands
· Enhancement to UL transmissions and DL receptions across SBFD symbols and non SBFD symbols in different slots 
· Specify gNB RF requirement to enable SBFD operation [RAN4]
· Specify solutions to enable UE-UE co-channel CLI management for SBFD and flexible/dynamic TDD [RAN1] (if identified beneficial and TU allows) (low priority)
· L1/L2 based UE-UE measurement and reporting 
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