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Introduction
For Rel-18, a study item on evolution of NR duplex operation has been approved [1], where the objectives identified for the study item are as follows:
	    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).
Note: For potential enhancements on dynamic/flexible TDD, utilize the outcome of discussion in Rel-15 and Rel-16 while avoiding the repetition of the same discussion. 



In this contribution, we discuss dynamic/flexible TDD operations in NR based on an analysis on CLI effects with our initial simulation results, and discuss potential issues on beam management and beam failure recovery.

Discussions
Dynamic/flexible TDD operations in NR
In NR time division duplex (TDD), a transmission pattern is configured per slot, where the patterns include uplink (UL), downlink (DL) and flexible (F). While the UL and DL slots include symbols dedicated for UL and DL, respectively, the transmission pattern for the symbols in flexible slots can be configured based on Slot Format.
In NR Rel-17, for TDD operation, a UE may be configured by higher layers to operate with a specific pattern of UL, DL, and flexible (F) slots and symbols per slot. For example, the RRC parameter tdd-UL-DL-ConfigurationCommon provides the general pattern of slots within the configured periodicity. As for the flexible slots, parameter tdd-UL-DL-ConfigurationDedicated is used to override transmission pattern in flexible symbols per slot. For a set of symbols of a slot that are indicated as flexible by tdd-UL-DL-ConfigurationCommon, or tdd-UL-DL-ConfigurationDedicated, a UE may receive a DCI format 2_0 with an SFI-index field value that indicates (a new) slot format [2]. 
Such level of flexibility can be used to allocate UL and DL capacity more dynamically and improve system spectrum efficiency. However, the transmission patterns’ flexibility can also cause cross-link interference (CLI) for gNB-to-gNB and UE-to-UE connections. For example, UL-to-DL interference may cause a UE-to-UE CLI when a DL transmission takes place at the same time as an UL transmission, on fully overlapping or partially overlapping frequency resources.  
Coordinated TDD scheduling has been discussed previously as a possible solution for CLI avoidance in NR TDD enhancements [3]. However, acquiring preventive actions generally leads to limiting the dynamic operation of the system and conducting towards more fixed or semi-static operations. On the other hand, without having specific estimation of the interference (source of the interference, its strength or direction), the interference avoidance techniques may give rise to interference over-estimation followed by suboptimal system performance.
Observation 1. Coordinated scheduling techniques for interference avoidance in TDD operation may result in interference over-estimation and system performance degradation.

In NR, there are several interference measurement resources (IMR) that can be used for measuring and reporting interference quality. For example, NZP CSI-RS and ZP CSI-RS resources as IMR can be used at UE for determining the interference power/strength. More specifically, CLI-RSSI has been specified to be used for measuring CLI level in TDD operations. However, the mentioned interference measurements are an estimate of the aggregation of received power/strength over all sources of noise and interference. In other words, while the measurements over IMR resources may show considerable interference power/strength, it is not clear if CLI is the main reason of such estimation or if it is caused by other sources or channel impairments.
For example, CLI-RSSI is estimated over all sources of noise and interference in the configured time/frequency resources. However, the aggressor UEs configuration may change dynamically, i.e., aggressor UEs’ scheduling, location, beam direction, etc. Relying only on long-term interference measurements may result in over-estimation of the CLI. 
Alternatively, the CLI estimation can be based on identifying potential victim UEs and potential aggressor UEs. The reference signals (e.g., SRS-RSRP, NZP-CSI-RS, DM-RS, etc.) transmitted from potential aggressor UEs can be used at the victim UE to estimate CLI accurately. As such, the UE can respond to dynamic changes in CLI (e.g., due to the dynamic changes in configuration of aggressor UEs) with efficient CLI mitigation techniques. 
Moreover, NW can optimally schedule potential aggressor and victim UEs based on the reported measurements. For example, if the victim UE is affected only by a specific aggressor UE, then NW can mitigate the interference by coordinated scheduling of the victim UE and the specific aggressor UE. Furthermore, NW can use the measurements reported from victim UEs based on distinguished aggressor UEs if the role of the victim UE changes to an aggressor UE, and the role of the aggressor UE changes to a victim UE, e.g., due to changes in the direction of the transmissions for both victim and aggressor UE, based on a beam correspondence property between the UEs. 
Observation 2. CLI estimation and reporting at a potential victim UE based on distinguishing aggressor UEs can be used for enhancing CLI mitigation at the UE and further optimal scheduling at the gNB. 
Proposal 1. Consider supporting means of CLI measurement and reporting at the potential victim UE that includes distinguishing aggressor UEs. 

Analysis on CLI effects in dynamic/flexible TDD scenario 
In this subsection, we discuss CLI effects in dynamic/flexible TDD scenario based on initial SLS results, where we conducted the SLS to see how much of a negative impact on DL and UL reception in a cell can be observed, when inter-cell CLI from neighbor cell(s) may be present dynamically per slot basis.
Simulation assumptions for the SLS are summarized in the Appendix. We compare performance of a baseline TDD scheme, wherein all gNBs/cells in the deployment use an aligned (common) TDD configuration and compare this to a flexible duplex scheme where each gNB can independently and dynamically adjust its TDD configuration based on traffic requirements in its cell. 
We consider two different traffic configuations: (i) DL/UL traffic ratio 1/1, (ii) DL/UL traffic ratio 2/1. For each of these configurations we consider 2 different traffic loads (low/medium) based on resource utilization range. Table 1 below show simulation results comparing DL and UL mean and 5%-ile UPT for baseline vs. flexible duplex. We observe a significant drop in DL and UL UPT (both 5%-ile and mean UPT) for both DL/UL ratios. The UPT loss increases as load on the system increases. This is also confirmed by the increase in cell RU observed for the flexible duplex schemes when compared to the baseline scheme. 
This increase in RU is a result of increased CLI (i.e., UE-to-UE as well gNB-to-gNB interferece) which results from different cells having different UL and DL selections at the same time (slot). The increased CLI results in a drop in SINR at the receiver, which in turn results in packets taking longer to download and the resulting increase in RU. This effect is exacerbated as load increases (e.g., under 2/1 DL/UL traffic ratio, RU for baseline at medium load is 32% vs. 75% for flexible duplex). These results demonstrate the impact of both gNB-gNB and UE-UE cross link interference on UL and DL performance, highlighting the need for effective CLI mitigation technique, especially when operating in a deployment that is subject to high interference such as Indoor.

 Table 1: DL and UL Performance for Indoor office 
	
Reported parameters
	DL/UL ratio 1/1
(low load)
	DL/UL ratio 2/1
(low load)
	DL/UL ratio 1/1
(medium load)
	DL/UL ratio 2/1
(medium load)

	
	Baseline
	Flexible Duplex
	UPT gain/loss
	Baseline
	Flexible Duplex
	UPT gain/loss
	Baseline
	Flexible Duplex
	UPT gain/loss
	Baseline
	Flexible Duplex
	UPT gain/loss

	DL
UPT
[Mbps]
	5%
	25.43
	12.33
	-51.5%
	25.65
	21.30
	-16.96%
	20.48
	5.69
	-72.2%
	8.63
	2.57
	-70.20%

	
	Mean
	84.41
	60.68
	-28.11%
	84.55
	80.88
	-4.34%
	76.33
	36.89
	-51.7%
	53.81
	23.62
	-56.11%

	UL
UPT
[Mbps]
	5%
	16.89
	9.71
	-42.51%
	34.10
	18.61
	-45.44%
	6.04
	3.36
	-44.3%
	16.45
	2.24
	-86.40%

	
	Mean
	60.67
	50.39
	-16.95%
	67.53
	62.88
	-6.90%
	43.07
	35.61
	-17.33%
	55.39
	25.42
	-54.11%

	RU
	15.6
	23.7
	-
	11.1
	13.1
	-
	29.6
	59.3
	-
	32.10
	75.4
	-

	
	0.25/0.25
	0.25/0.125
	0.417/0.417
	0.5/0.25

	
	Notes: 
Baseline scheme:  For both DL:UL traffic ratio = 1:1 and DL:UL traffic ratio = 2:1,  Baseline DL/UL slot ratio = 6:4
Flexible Duplex: Flexible UL/DL slot ratio allocation
Traffic:  are number of packet arrivals per UE  (each packet is 0.5MB) 
Low load < 20% RU,medium load 25-35% RU
RU is resource utilization for the cell (DL and UL combined).



Observation 3. Simulation results indicate that flexible duplex without any cross-link interference handling across adjacent cells results in degraded DL and UL performance for the Indoor office scenario. The impact seen on both mean UPT as well as on cell-edge user is significant. 
Proposal 2. Study cross link interference management schemes for flexible duplex. 

Issues on Beam Management
In NR system, joint beam management has proven to be an effective procedure for finding the best beam pairs between the UE and gNB. The cross-link interference can be seen as undesirable signals received from an aggressor UE with configured TCI-state with a respective transmission spatial filter. A beam that was selected as the best beam direction between a victim UE and gNB may not be the best beam in case when a directional CLI is received at the victim UE from the aggressor UE, shown in Figure 1.
A beam management approach can be used between a victim UE receiving in DL and an aggressor transmitting in UL. The victim UE can measure the potential CLI power/strength based on a beam swept SRS signals from the aggressor UE. Note that more than one UE can measure the beam swept SRS from an aggressor UE at the same time/frequency resources. 
In contrast to UE-gNB beam selection that is based on highest RSRP or SINR, the beam selection between the victim UE-aggressor UE can be based on the lowest measured SRS-RSRP or CLI-RSSI. The victim UE can report to gNB the respective beam direction information for which the UE measured CLI from aggressor UE with the lowest power/strength. 
The gNB may dynamically inform the victim UE of CLI measurement configurations in case a potential aggressor UE is scheduled for UL, which can be known between gNBs/TRPs if a near-ideal backhaul condition is assumed in the network. The victim UE may then dynamically select the best preferred beam based on the measurements. 
Alternatively, the victim UE can report to gNB the TCI-state/beam direction for which the UE measured CLI from aggressor UE with the highest power/strength. As such, gNB can prevent the aggressor UE to use the TCI-state that causes strong CLI on the victim UE, accordingly.
Observation 4. Joint beam management between victim UE and gNB taking into account beams from aggressor UE can be beneficial in dynamic beam selection for CLI mitigation.
Proposal 3. Consider enhancements in joint beam management between gNB, victim UE, and aggressor UE for optimal beam selection or beam avoidance at the victim UE or aggressor UE, respectively. 
[image: ]
Figure 1. Directional CLI from aggressor UE in UL received at the victim UE in DL

Issues on Beam Failure Recovery
In NR Rel-17 [4], beam failure detection (BFD) is based on UEs estimating the DL radio link quality and comparing it to respective thresholds. As such, a UE may not be able to receive the DL radio link reliably if the estimated DL radio link quality (e.g., hypothetical BLER) is lower than a configured threshold. Upon detection of a beam failure (e.g., due to a blockage), the UE triggers a beam failure instance (BFI) and increments a configured timer by one. In case the number of BFIs reach a configured maximum range within a configured time period, the UE indicates BFD to higher layers and starts the beam failure recovery (BFR) procedure accordingly.
In NR dynamic TDD operation, the CLI from an aggressor UE may cause beam failure instances or even radio link failure at the victim UE. For example, due to significant impacts from CLI as observed based on an indoor scenario in Table 1, the victim UE may determine that the DL radio link quality is lower than respective thresholds. However, the victim UE in a link failure situation may not clearly distinguish whether the failure is occurred by mainly the CLI effects or not. 
Especially in FR2, a BFI due to CLI may occur even when the signal received from gNB is not physically blocked, where its received power is still in an acceptable range. In the BFI due to the CLI, the degradation in the DL radio link is due to the interference from an aggressor UE, causing a UE-to-UE CLI. The potential victim UE that has detected a beam failure instance may need to take different actions than existing BFI (e.g., due to beam blockage) if the BFI is caused due to CLI in NR dynamic TDD systems.
Observation 5. A beam failure instance due to CLI may occur even when the signal received from gNB is not physically blocked, where the degradation in the DL radio link is mainly due to the interference from an aggressor UE.
Upon detection of a beam failure instance, the potential victim UE may determine a type of the BFI as a part of BFD procedure. For example, the UE may determine if the BFI was caused by CLI or other reasons such as a beam blockage. If the victim UE determines that BFI was caused by CLI, the UE may follow the CLI-related procedure for the beam failure recovery. For example, as the UL channel is not affected by CLI from aggressor UE, the victim UE can send beam failure recovery request via a UL MAC-CE, which is more efficient way in terms of resource overhead and latency compared to an existing RACH related procedure.
Proposal 4. Consider enhancements in beam failure detection and recovery, in case the beam failure is caused by CLI from one or more aggressor UEs. 

Summary
In this contribution, we discussed dynamic/flexible TDD operations in NR based on the analysis on CLI effects, and discussed issues on beam management and beam failure recovery. From the discussions, we made following observations and proposals: 
[bookmark: _Hlk67922231]Observation 1. Coordinated scheduling techniques for interference avoidance in TDD operation may result in interference over-estimation and system performance degradation.
Observation 2. CLI estimation and reporting at a potential victim UE based on distinguishing aggressor UEs can be used for enhancing CLI mitigation at the UE and further optimal scheduling at the gNB. 
Observation 3. Simulation results indicate that flexible duplex without any cross-link interference handling across adjacent cells results in degraded DL and UL performance for the Indoor office scenario. The impact seen on both mean UPT as well as on cell-edge user is significant. 
Observation 4. Joint beam management between victim UE and gNB taking into account beams from aggressor UE can be beneficial in dynamic beam selection for CLI mitigation.
Observation 5. A beam failure instance due to CLI may occur even when the signal received from gNB is not physically blocked, where the degradation in the DL radio link is mainly due to the interference from an aggressor UE.

Proposal 1. Consider supporting means of CLI measurement and reporting at the potential victim UE that includes distinguishing aggressor UEs. 
Proposal 2. Study cross link interference management schemes for flexible duplex. 
Proposal 3. Consider enhancements in joint beam management between gNB, victim UE, and aggressor UE for optimal beam selection or beam avoidance at the victim UE or aggressor UE, respectively. 
Proposal 4. Consider enhancements in beam failure detection and recovery, in case the beam failure is caused by CLI from one or more aggressor UEs. 
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Appendix – Simulation assumptions
Table 2: Indoor deployment Scenario
	
	Indoor Sub-7GHz

	Layout
	(a,b,c,d)=(20,40,20,40)
[image: cid:image001.png@01D3E3E6.8A8631F0]

	Carrier Frequency
	5GHz

	Carrier Channel Bandwidth
	20MHz baseline

	Number of carriers
	1

	Number of users per operator
	10 per gNB per 20MHz

	SCS
	30 KHz

	Channel Model
	NR InH Mixed Office model

	BS Tx Power
	23dBm (total across all TX antennas)

	UE Tx Power
	23dBm (total across all TX antennas)

	BS Antenna gain
	0dBi   

	UE Antenna gain
	0 dBi

	BS Noise Figure
	5dB

	UE Receiver Noise Figure
	9dB

	UE receiver
	MMSE-IRC

	BS antenna Array configuration
	(M, N, P, Mg, Ng) = (1, 2, 2, 1, 1), dH = dV = 0.5 λ

	UE antenna Array configuration
	Baseline Tx/Rx: (M, N, P, Mg, Ng) = (1, 1, 2, 1, 1), 
dH = dV = 0.5 λ

	Traffic model
	According to 36.889 Table A.1.1. 
DL/UL FTP traffic – DL/UL traffic ratio: 1/1 and 2/1
For both 1/1 and 2/1 traffic ratios low and medium load scenarios are captured


	UE to UE link pathloss model
	Directly use InH office pathloss model with proper d_3D with indoor mixed office LOS probability

	gNB to gNB link pathloss model
	Directly use InH office pathloss model with proper d_3D with indoor mixed office LOS probability
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