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 Introduction
A study item on evolution of NR duplex operation was approved in RAN#94e with the following objective [1]:
	· Identify applicable and relevant deployment scenarios (RAN1).
· Develop evaluation methodology for duplex enhancement (RAN1).
· 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, we examine the Subband Full Duplexing (SBFD) evaluation results in comparison to the legacy Time Division Duplexing (TDD) and make some important observations from these evaluations.
SBFD Evaluation Results
In this section we present SLS results for SBFD Deployment Case 1. First, an analysis of the performance of SBFD compared to TDD is conducted. Next, we analyse the negative impact of inter-UE CLI on DL performance and show that efficient CLI handling mechanism, such as CLI-aware scheduling, can be used to mitigate inter-UE CLI. We also show the impact of inter-gNB CLI and SI on UL performance.  The FR1 UMa scenario is used for this analysis. Full buffer and FTP3 traffic are taken into consideration to make key observations. 
Full Buffer Traffic
SLS validation with TDD and SBFD
Some subbands of TDD DL slots are allocated as UL resources to enable SBFD. This forms the SBFD format as ‘XXXXU’, where 20% of the RBs are allocated to UL, with the subband configuration < ND, NU, NG > = <104, 54, 5>. Thus, some DL resources are sacrificed to provide UL resources, leading to a theoretical calculation of resource gain for UL and resource loss for DL. This can be compared with the expected gain/loss of spectral efficiency of SBFD compared to TDD. This evaluation can be considered as a good validation method for the system level simulator (SLS). 
From Table 1, the DL and UL resource gain of SBFD (XXXXU) compared to TDD (DDDSU) are examined in relation to their corresponding spectral efficiency gain. As expected, a clear correlation is seen between resource gain and spectral efficiency.
	[bookmark: _Ref134781701]Table 1: Comparison of resource gain and spectral efficiency gain
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[bookmark: _Ref134784009]Observation 1: The resource gain/loss in UL and DL, as well as the spectral efficiency gain/loss in UL and DL for SBFD over the legacy TDD, are closely aligned
Impact of Inter-UE CLI 
In legacy TDD, UL and DL transmissions take place in distinct time slots, meaning there is no risk of interference between UL and DL signals from neighbouring UEs. However, with SBFD, UL and DL transmissions occur during the same time slot at the gNB, leading to inter-UE CLI, as the UL transmission of one UE negatively affects the reception of DL signal at another nearby UE.
The impact of inter-UE CLI is not captured correctly in simulations where UEs are uniformly and randomly distributed as the separation distance between UEs is too big to account for it. Moreover, this uniform random distribution of UEs is not representative of real-life scenarios, where users with multiple mobile devices typically group together, with much smaller separation distances. Thereby, uniform UE distribution should not be used as indication of inter-UE CLI impact. This is illustrated in Figure 1, which shows the ratio of CCI to inter-UE CLI for clustered (with radius of 25m and 10m) and uniformly distributed deployments. The results demonstrate that inter-UE CLI impact is significant when UEs are within a close proximity, which is typical in real-world deployments, in places like meeting rooms, restaurants, and public transport. 
[image: ]
[bookmark: _Ref142319541]Figure 1: CCI over CLI ratio CDFs for UEs’ deployment with and without clustering 
Figure 2 shows the impact of inter-UE CLI on DL spectral efficiency (SE). As illustrated the figure, DL SE can be reduced significantly in the presence of inter-UE CLI. Therefore, efficient CLI handling mechanisms should be employed to mitigate the negative impact of inter-UE CLI. One such approach is CLI-aware scheduling, which schedules UE-pairs based on the expected level of inter-UE CLI. That is, UEs that cause severe CLI towards each other are not scheduled together. As shown in Figure 2 the negative impact of inter-UE CLI on DL SE can be completely reversed through CLI-aware scheduling. Here, it is assumed that the gNB has perfect knowledge of inter-UE CLI and can form UE-pairs to completely avoid its impact. However, in practice, the effectiveness of CLI handling schemes, including CLI-aware scheduling, relies on the accuracy of the knowledge of inter-UE CLI at the gNB. The gNB can only obtain this information through efficient inter-UE CLI measurement and reporting. Therefore, RAN1 should continue discussions on enhanced inter-UE CLI measurement and reporting schemes at the work item phase.   
In conclusion, CLI handling schemes, such as CLI-aware scheduling, can help mitigate the negative impact of inter-UE CLI on system performance. With such schemes in place, practical deployment of SBFD networks is feasible. 

[bookmark: _Ref142572438]Observation 2: Inter-UE CLI has significant impact to the DL performance 
[bookmark: _Ref142572467]Observation 3: CLI handling mechanisms, such as CLI-aware scheduling, can significantly improve system performance in the presence of inter-UE CLI 
[bookmark: _Ref142572584]Observation 4: Support for mechanisms that enable efficient inter-UE CLI measurement and reporting is essential to improve DL performance   
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[bookmark: _Ref142402629]Figure 2: DL SE performance in the presence of inter-UE CLI
Impact of intra/inter-gNB CLI and SI in UL
In the UL interference analysis, CCI and total leakage powers with two capabilities (RCIC and RSIC) are compared. RCIC is the ratio of co-site interference cancellation, while RSIC is the ratio of self-interference cancellation. Furthermore, the frequency isolation in all cases is modelled by the adjacent channel interference model (ACIR) with an ACLR of 45dB and ACS of 43dB. 
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[bookmark: _Ref134781832]Figure 3: Comparison of CCI and total leakage power in UL

From Figure 3, it is evident that the UL reception is significantly impacted by the RCIC capability. In this analysis, the RSIC capability is assumed as 102 dB which is considered to be the best value. It is derived by assuming 1dB receiver sensitivity loss.
[bookmark: _Ref134784080]Observation 5: Intra-site gNB CLI has significant impact to the UL performance

The SE performance is compared in the following cases.
· Baseline case: without modelling of any leakage power (ideal SBFD)
· With modelling of only inter-site gNB CLI in UL and inter-UE CLI in DL
· With modelling of inter/intra-site gNB CLI and gNB SI in UL, and inter-UE CLI in DL
· RSIC = 0dB and RCIC = 0dB
· RSIC = 106dB and RCIC = 110dB
[bookmark: _Ref134781923]Table 2 shows the absolute values of SE and Figure 4 shows the UL SE loss of SBFD due to the different CLIs and gNB SI. Figure 4 reveals that UL SE is degraded significantly due to the inter-site gNB CLI and SI. Additionally, the UL SE is heavily influenced by the RSIC and RCIC capabilities. Since DL reception at the UE is unaffected by these gNB capabilities, the DL SE remains unchanged for the other cases.

Table 2: Spectral Efficiency (absolute values)
	
	w/o CLI and SI
(Baseline)
	with inter-site gNB CLI in UL and inter-UE CLI in DL 
	with inter-site-CLI + co-site CLI + gNB-SI in UL
and inter-UE CLI in DL

	
	
	
	RSIC = 0 dB, RCIC = 0 dB
	RSIC = 106 dB, 
RCIC = 110 dB

	DL
	3.26
	2.69
	2.61
	2.66

	UL
	1.46
	1.41
	0.75
	1.42
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[bookmark: _Ref134781951]Figure 4: UL Spectral Efficiency loss comparison
[bookmark: _Ref134784104]Observation 6: Intra-site isolation has a major influence on UL performance
CSI Reporting Evaluation Results
In RAN1#112, two CSI reporting options ware agreed to be studied for CSI reports associated with periodic/semi-persistent CSI-RS across SBFD and non-SBFD slots/symbols.

	Agreement:
For SBFD-aware UEs, study the following options for CSI report associated with periodic/semi-persistent CSI-RS, at least, across SBFD symbols and non-SBFD symbols in different slots (each CSI-RS resource within a slot has either all SBFD or all non-SBFD symbols):
· Option 1: separate CSI reporting for SBFD symbols and non-SBFD symbols
· Option 2: same CSI reporting for SBFD symbols and non-SBFD symbols



To evaluate the performance of separate CSI reporting versus same CSI reporting, an analysis is conducted based on Deployment Case 1 of SBFD, using the FR1 UMa scenario for comparison. Both full buffer and FTP3 traffic are considered in the analysis. 
Full Buffer Traffic 
SINR and BLER Analysis
The SBFD slot configuration ‘DXXXU’ is used for this evaluation. In this SBFD slot configuration, DL resources are distributed across two types of slots: DL-only slots and SBFD slots. Note that DL resources on SBFD slots/symbols are affected by both CCI and inter-UE CLI, whereas DL resources on non-SBFD slots/symbols are affected by only CCI. This motivates the study of slot-specific CSI reporting. The need for separate CSI reporting will be especially high in clustered UE scenarios where CLI tends to dominate over CCI. 
In Figure 5 (a), effective SINR is collected separately for SBFD and non-SBFD slots and compared. As expected, DL-SINR on SBFD slots is lower than that on non-SBFD slots. This underscores the importance of separate CSI reporting and link adaptation for each slot type. 
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(a)                                                                             (b)
[bookmark: _Ref134782160]Figure 5: (a) Effective SINR distribution on DL-only slots and SBFD slots (b) DL-BLER performance in SBFD slots
In Figure 5 (b), BLER is compared across SBFD slots with same CSI reporting and separate CSI reporting. This simulation was conducted without outer-loop link adaptation to analyse the impact of separate CSI reporting on the BLER of fresh transmissions. As seen in the figure, separate CSI reporting outperforms same CSI reporting in terms of BLER performance.
[bookmark: _Ref134784267]Observation 7: The high level of interference on SBFD slots have a noticeable impact on both effective SINR and BLER performance, underscoring the need for separate CSI reporting for SBFD versus non-SBFD slots/symbols.
FTP3 Traffic 
This section compares the DL UPT performance for same CSI reporting and separate CSI reporting schemes for FTP3 traffic. Figure 6 shows that for FTP3 traffic at high loads (around 70%) the separate CSI reporting scheme performs better in both 5% and 50% average-UPT scenarios. However, same CSI reporting outperforms separate CSI reporting in the 95% average-UPT scenario. This is because for the UEs achieving 95% average UPT, the SINR difference in DL-only slot and SBFD slot is small. As a result, the conservative MCS adopted in SBFD slot does not benefit BLER reduction, but instead lengthens packet latency and causes UPT loss. Furthermore, the interference power estimated on the DL resources of SBFD slot may not be so accurate because of the somewhat random nature of inter-UE CLI caused by the dynamic scheduling of UEs in the UL direction. This issue could be addressed if the scheduler had information on aggressor-victim UE pairs.
[image: ][image: ]
[bookmark: _Ref134782327]Figure 6: UPT and Latency

[bookmark: _Ref134784304]Observation 8: Using separate CSI reporting for SBFD and non-SBFD slots/symbols leads to a 5-10% improvement in performance compared to using the same CSI reporting.
Conclusion
In this contribution, we discussed the SBFD evaluation results in comparison to the legacy TDD. We have the following observations:
Observation 1: The resource gain/loss in UL and DL, as well as the spectral efficiency gain/loss in UL and DL for SBFD over the legacy TDD, are closely aligned
Observation 2: Inter-UE CLI has significant impact to the DL performance
Observation 3: CLI handling mechanisms, such as CLI-aware scheduling, can significantly improve system performance in the presence of inter-UE CLI
Observation 4: Support for mechanisms that enable efficient inter-UE CLI measurement and reporting is essential to improve DL performance
Observation 5: Intra-site gNB CLI has significant impact to the UL performance.
Observation 6: Intra-site isolation has a major influence on UL performance.
Observation 7: The high level of interference on SBFD slots have a noticeable impact on both effective SINR and BLER performance, underscoring the need for separate CSI reporting for SBFD versus non-SBFD slots/symbols.
Observation 8: Using separate CSI reporting for SBFD and non-SBFD slots/symbols leads to a 5-10% improvement in performance compared to using the same CSI reporting.
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Appendix: Simulation assumptions in SLS evaluation
[bookmark: _Ref101777776]Table 5: Simulation assumptions in SLS for SBFD evaluation.
	Parameter set
	Urban Macro (FR1)

	A. General
	Carrier frequency
	4 GHz

	
	System bandwidth
	100 MHz

	
	Numerology
	14 OFDM symbol slot, SCS = 30kHz

	B. Layout and UE distribution
	BS Layout
	Hexagonal grid with 7 macro sites and 3 sectors per site with wrap around

	
	Wrap-round
	distance-based

	
	Inter-BS (2D) distance
	500m

	
	BS antenna height
	25m

	
	UE distribution
	UE clustering distribution
- (Baseline) M=20, X=2
- R' = 25m
- 8 UE per cluster per direction
- Dmacro-to-cluster = 35m+R'
- Dinter-cluster = 2R' m
(Optional) Uniform UE distribution
-10 users per macro TRP per direction

	
	Minimum BS-UE (2D) distance
	35m

	
	Minimum UE-UE (2D) distance
	1m

	
	UE outdoor/indoor proportion
	20% outdoor in cars: 30km/h; 80% indoor in houses: 3km/h

	
	UE height (m)
	1.5m

	C. Interference modelling 
	gNB self-interference - αSI
	based on 1 dB UL desense

	
	Co-site inter-sector co-channel inter-subband CLI
	Spatial isolation: 75dB (RAN4 typical value) / 93dB  (RAN4 best value) / 100dB
Digital cancelation: companies to report, e.g., 10dB

	
	BS ACLR
	45 dBc

	
	BS ACS
	46 dBc

	
	UE ACLR
	30 dBc

	
	UE ACS
	33 dBc

	
	UE IBE
	Refer to Annex A.2.X in TR 38.858

	
	UE ICS
	Not Modelled

	D. SBFD subband and slot configurations
	SBFD slot configuration
	Legacy TDD: {DDDSU}, where S=[10D:2G:2U]
SBFD: XXXXU and DXXXU

	
	SBFD Subband configuration
	{DUD}: < ND, NU, NG > = <104, 54, 5>

	
	Guard symbols
	

	E. Tranmit power
	BS transmit power for legacy TDD
	53 dBm for 100MHz

	
	BS transmit power for SBFD
	Power boosting is not assumed for SBFD symbols compared to DL-only symbols (as in legacy systems)

	
	UE Tx power
	23dBm

	F. Antenna configurations
	BS antenna configuration for legacy TDD
	(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
	Twice area & same TxRUs (higher priority): SBFD antenna configuration Option 2

	
	BS antenna radiation pattern
	Table 9 in Report ITU-R M.2412

	
	UE antenna configuration
	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

	G. Traffic model
	DL/UL traffic assignment for the same UE
	Option 2: Each UE is assigned both UL traffic and DL traffic

	
	DL/UL FTP packet size
	0.5Mbyte for DL and 0.125 Mbytes for UL

	
	DL/UL traffic load for legacy TDD
	Low load (Type-2 RU: < 10%)
Medium load (Type-2 RU: 20%-40%)
High load (Type-2 RU: >= 50%)

	H. Channel model
	gNB-UE
	Refer to Annex A.3 in TR 38.858

	
	gNB-gNB
	Option2: Large scale fading only

	
	UE-UE
	Refer to Annex A.3 in TR 38.858
Option2: Large scale fading only

	
	UE-UE details
	TR 38.901

	I. Others
	BS receiver noise figure
	5dB

	
	UE receiver noise figure
	9 dB

	
	Open loop power control parameters
	P0= -80 dBm, alpha = 0.8 

	
	UE receiver
	MMSE-IRC

	
	Feedback assumption
	Realistic

	
	Channel estimation
	Ideal

	
	UE processing capability
	UE processing capability 1 as baseline

	
	Handover margin (dB)
	3 dB

	
	UE attachment
	Based on RSRP from port 0

	
	Transmission scheme
	SU-MIMO, maximum layers for SU-MIMO = 2

	
	Polarized antenna model
	Model-1 in clause 7.3.2 in TR 38.901

	
	DL/UL Modulation
	Up to 256QAM

	
	Scheduling
	PF

	
	Overhead
	DL: 27.38%
UL: 14.9%
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