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[bookmark: _Ref101532508]Introduction
RAN has agreed in RP-220633 a new Study Item on evolution of NR duplex operation with the following objectives [1]:
	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 address enhancements for traditional dynamic TDD. Our main objective is to propose solutions that allow gNBs to more freely adjust their TDD radio frame configuration in line with their traffic demands. We especially investigate the case where a cell with uplink (UL) heavy traffic can be allowed to use a TDD radio frame configuration with majority of time-slots being assigned for UL transmission, even if a nearby cell is having downlink (DL) heavy traffic (and DL heavy TDD radio frame configuration) as illustrated in Figure 1. This is an important case to address to enable higher uplink data rates for 5G-Advanced deployments in unpaired bands. For such a scenario, we denote the UL heavy cell as the victim cell as it is subject to gNB-to-gNB cross link interference (CLI) from the DL heavy cell, denoted as the aggressor cell. 
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[bookmark: _Ref100577301]Figure 1. Simple illustration of TDD scenario with an UL heavy victim cell and a DL heavy aggressor cell
[bookmark: _Hlk510705081]The contribution is organized as follows: In Section 2, we summarize the relevant conclusions from earlier 3GPP NR releases with emphasis on Rel-16 CLI findings. Section 3 offers a first analysis of the gNB-to-gNB CLI problems, followed by proposed solution directions for gNB-to-gNB CLI mitigation in Section 4. The contribution is concluded in Section 5 with a list of key observations and proposals.
Conclusions from earlier NR Releases
As stated in RP-220633 (quote):
“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.”
We start by recapping some of the main learnings from the Rel-16 cross link interference (CLI) studies as captured in [2]. Here the following was found for adjacent channel coexistence studies by RAN WG4:   
· For FR1 Macro-to-Macro, performance degradation​ is observed if different TDD radio frame configurations are used.
· For FR1 Macro-to-Indoor, different TDD radio frame configurations can be used with no performance degradation.
· For FR1 Indoor-to-Indoor, different TDD radio frame configurations can be used with no performance degradation if carefully operated.
· For FR2 Macro-to-Macro and Micro-to-Micro, some performance degradation is observed unless same TDD radio frame configuration is used, careful planning is required​
· For FR2 Indoor-to-Indoor, careful planning/operation is needed to avoid performance degradation​

These findings are in line with today’s 5G NR deployments, where FR1 macro deployments for unpaired bands are configured with static TDD radio frame configurations that are identical and synchronized among the operators (often given by the local spectrum regulators that grants the frequencies), using DL-heavy configurations. Meaning no usage of dynamic TDD for FR1 macro gNBs. For low power gNBs such as indoor pico nodes, there are more degrees of freedom for using dynamic TDD configurations without causing adjacent channel coexistence problems. For FR2 deployments with advanced gNB and UE beamforming, some degree of dynamic TDD could be feasible if carefully operated without causing coexistence problems. This leads to the following observation: 
· Observation 1: Dynamic TDD operation for FR1 deployments is primarily applicable for low power gNBs, while being problematic for high power macro gNBs as it may cause adjacent channel coexistence problems, i.e. macro gNB use static and fully aligned/synchronized TDD radio frame configurations. 

Co-channel CLI problems were also addressed as part of [2]. The focus was on UE-to-UE CLI problems, where new UE-to-UE CLI measurements (and corresponding reporting) was standardized. These include two types of measurements; CLI-RSSI and SRS-RSRP measurements as summarized in [3]. This allows the network to detect if there are UE-to-UE CLI problems, and afterwards enable smart scheduling decisions, e.g. avoid co-scheduling of specific UE pairs on colliding resources to avoid UE-to-UE CLI problems. However, for the network to be able to configure a UE to perform SRS-RSRP measurements, the serving gNB should know the neighbor cell gNB SRS configuration(s). This requires signaling of cells’ SRS configuration over the Xn interface, although this was not included in Rel-16. Standardization of information exchange of cells SRS configuration over the Xn interface (or the F1 interface for cases with the gNB-split architecture) is therefore currently missing from the NR specifications to have a complete solution for UE SRS-RSRP measurements. Notice that the gNB-to-gNB CLI can be measured by the network without any standardization impact (for example by having one gNB measuring the power level received from a neighboring gNB) so this was not included in Rel-16.
· Observation 2: Solutions for Rel-16 co-channel CLI focused on UE-to-UE CLI problems, where new UE-to-UE CLI measurements (and corresponding reporting) were standarized. Solutions to mitigate gNB-to-gNB CLI were not standardized in Rel-16.
· Observation 3: For having a completely standardized solution for UE SRS-RSRP measurements, gNBs should be able to exchange their cells/UEs SRS configurations over the Xn/F1 interface. This is missing from current NR specifications.
· Observation 4: Exchange of the ”Intended TDD DL-UL Configuration” over the XnAP and F1AP was standardized in Rel-16, basically to allow a gNB to announce the TDD radio frame configuration that a cell intends to use. No additional Xn/F1 signalling is standardized to facilitate TDD radio frame coordination between cells.

Given these observations, we propose the following:
· Proposal 1: In line with Rel-16 TDD coexistence findings (3GPP TR 38.828), it is proposed that the FR1 macro gNBs use a static DL-heavy TDD radio frame configuration, while low power gNBs are allowed to use dynamic TDD, where the ratio of DL and UL resources is dynamically adjusted. 
· Proposal 2: For having a completely standardized solution of UE SRS-RSRP measurements, exchange of cells/UEs SRS configuration over the Xn/F1 interface shall be standardized.
· Proposal 3: For studying inter-cell CLI for traditional TDD, we suggest focusing on gNB-to-gNB CLI mitigation. This is motivated by the higher gNB transmit powers and antenna gains as compared to that of UEs. 

Preliminary analysis of gNB-to-gNB CLI
As discussed in our companion contribution about evaluation scenarios for duplexing evolution (R1-2204430), one of the feasible scenarios which is most impacted by the presence of gNB-to-gNB CLI is the co-channel HetNet deployment. Based on the conclusions of Rel-16 CLI studies, the macro layer adopts static TDD with a DL-heavy radio frame configuration. On the other hand, the small cell layer uses dynamic TDD frame structure, adjusting the radio frame configuration based on the instantaneous traffic conditions. The deployment layout follows the guidelines for scenario 2a specified during the LTE small cell enhacements studies [4]. Further simulation assumptions are found in Annex A1. With such assumptions, the small cells are expected to receive cross-link interference generated at the macro cells. To understand the severity of the gNB-to-gNB CLI, Figure 2 shows the observed uplink SINR in the small gNBs for CLI and non CLI slots. A slot where a small cell receives in UL while a macro cell simultaneously transmits in DL is denoted as a CLI slot. The figure shows high UL SINR values for non CLI slots, i.e., slots in which the only source of interference are UL transmissions from UEs in neighbour cells. On the contrary, the UL SINR in CLI slots is in 60% of the cases bellow 0 dB, hindering the correct reception of the corresponding UL transport blocks. The UL SINR degradation during CLI slots comes with a significantly decrease in the achievable UL throughput. As reference, Figure 2 also shows the UL SINR upper bound which represents the maximum achieved UL SINR with ideal gNB-to-gNB interference suppression.
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[bookmark: _Ref101529605]Figure 2. Experienced UL SINR for the small cells depending on the TDD slot type
To better understand the source of the cross-link interference, the observed gNB-to-gNB CLI is decomposed into several components, namely the contribution of the 1st, 2nd and 3rd strongest CLI aggressor. As illustrated in Figure 3, the 1st strongest CLI aggressor is clearly the main source of interference, as it nearly overlaps with the total gNB-to-gNB CLI interference curve. The 1st CLI aggressor normally corresponds to the closest macro gNB from the victim small cell gNB. The contributions of the 2nd and 3rd strongest CLI aggressors are considerable weaker and corresponds to the macro gNBs that are further apart from the victim gNB. Alternatively, these CLI aggressors could also be identified as the neighbour small cells deployed in the same victim’s small cell cluster. Based on these observations, enhancements to reduce the gNB-to-gNB CLI could focus on the mitigation of the 1st CLI aggressor. The figure also depicts the experienced UL interference in CLI slots, i.e. the interference generated by other cells due to UL transmisisons. By comparing the UL interference and total gNB-to-gNB CLI curves, we can conclude that the gNB-to-gNB CLI is the bottleneck for dynamic TDD. This analysis is highly dependent on the topology of the scenario and conclusions might be different for other deployments.
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[bookmark: _Ref101530000]Figure 3. UL interference component power per subcarrier during CLI slots
The presented simulation results lead to the following observations:
· Observation 5: The UL performance of the small cells with dynamic TDD is severely impacted by the strong gNB-to-gNB CLI from the macro layer with DL-heavy TDD configuration. At least 20 dB UL SINR improvement is needed to achieve decent UL performance in slots with gNB-to-gNB CLI. 
· Observation 6: The victim gNB is heavily impacted by the strongest CLI aggressor cell (normally the closest macro gNB), while the other aggressor cells provides much weaker CLI contributions. Enhancements to mitigate the CLI from the strongest aggressor cell are therefore helpful to achieve good performance benefits.
gNB-to-gNB CLI mitigation methods
Several gNB-to-gNB CLI mitigation methods were discussed as part of the Rel-14 NR Study Item phase as captured in 3GPP TR 38.802, Section 10. Those methods can be used as starting point. In particular, we focus here on the following three methods:
1. Enhanced gNB receivers that can help mitigate the gNB-to-gNB CLI. Those come in the form of (i) linear receivers such as e.g. optimized interference rejection combining (IRC) receivers that are tailored to combat the gNB-to-gNB CLI, and (ii) non-linear receivers such as e.g. successive interference cancellation (SIC). For both (i) and (ii), the performance may be improved by having assistance information that e.g. expresses some apriori information of the signal characteristics of the CLI signal from the aggressor cell.
2. Optimized UE power control, where the UE transmit power in the victim cell is boosted during time-slots where it is subject to strong gNB-to-gNB CLI from the aggressor cell (called the CLI time-slots). This would help improve the uplink received SINR at the victim cell, at the cost of the UE applying the power boost creating more interference to the surrounding cells.
3. Aggressor cell (gNB) power reduction, where the aggressor cell transmit power is reduced in the time-slots where the victim cell is subject to high gNB-to-gNB CLI. Reducing the aggressor cell transmit power will help lower the gNB-to-gNB CLI, and thereby improve the victim cells uplink received SINR. The cost of this power reduction is, however, a potential performance drop in the aggressor cell. The tradeoffs between such gains and losses should therefore be carefully considered, and likely, explicit coordination between the aggressor and the victim cells should also be studied; e.g. via the Xn interface (or F1 interface in case of gNB-split architecture).

It should be noted that those three methods are not mutually exclusive. In fact, they could be used in combination. In the following, we present first examples of link- and system-level performance results for each of these three methods.
Enhanced gNB receivers
We provide some initial link level evaluation results applying interference mitigation/cancellation schemes using advanced gNB receivers according to the simulation parameters in Annex A2. By means of linear receivers such as e.g. standard IRC, where no knowledge of interferer parameters is required, and advanced IRC receivers, which explicitly considers interferer channel estimates from other links, and non-linear receivers such as e.g. symbol level IC (SLIC) or codeword level IC (CWIC), which reconstruct and subtract the interference based on the output of the MMSE-IRC or the output of the decoder, respectively. From Figure 4, it can be seen that the achievable performance relies on the knowledge assumed at the receiver when estimating the interfering signal based on the information signaled by the aggressor gNB at the cost of increased complexity. In this case, the standard IRC receiver operates as the baseline while SLIC receiver with ideal feedback forms the upper boundary. Linear receivers such as advanced MMSE-IRC receivers should be considered to combat CLI relying on the information obtained by the channel estimates from interfering links while non-linear receivers (SLIC, CWIC) could be investigated to reconstruct the interfering signal based on the output of the MMSE-IRC receiver. Our preliminary results show promising gains hence we suggest to further study the performance of advanced receivers during the SI and eventually specify the required inter-gNB signaling during the consequent WI phase.

[image: ]
[bookmark: _Ref101530366]Figure 4. Performance comparison of advanced gNB receivers to handle gNB-to-gNB CLI

Optimized UE power control 
Figure 5 shows the system-level simulation results when optimized power control is used. UEs connected to victim gNBs are configured to boost their transmit power during CLI slots by {5 dB, 10 dB, 15 dB}. The scheme is shown to provide the largest benefits with a Tx power increase of 15 dB. The UL SINR is improved by approximately 11 dB at the 50-percentile. This brings an average UL throughput improvement of 33% as compared to the baseline scenario (see Figure 6). It is expected that boosting the UL transmit power increases the UE-to-UE CLI and this could affect the DL performance. As shown in Figure 6, this is not the case for the considered scenario but the problem could affect other scenarios such as indoor office. If UE-to-UE CLI becomes a problem, there are standarized mechanisms to measure and report the UE-to-UE CLI, such that the serving gNB can act accordingly.
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[bookmark: _Ref101530598]Figure 5. Experienced UL SINR during CLI slots in the small gNBs
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[bookmark: _Ref101530688]Figure 6. Average throughput per packet in small gNBs (UL) and macro gNBs (DL)

Aggressor cell (gNB) power reduction 
Figure 7 shows the system-level simulation results when a transmit power reduction is applied to the aggressor gNBs. In these simulations, the macro gNBs decrease their Tx power by {3 dB, 6 dB, 10 dB} during all the CLI slots. The prior knowledge of the CLI slots occurrences could be based on the Xn signalling exchange of the selected TDD frame configuration. Figure 7 also illustrates the baseline and upper-bound UL SINR. As expected, the highest UL SINR is achieved with the highest DL Tx power reduction.
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[bookmark: _Ref101530769]Figure 7. Experienced UL SINR during CLI slots in the small gNBs
The gains in UL SINR are translated into a higher UL throughput performance as shown in Figure 8. The highest UL throughput improvement (55% with respect to the baseline) is achieved with a DL power reduction of 10 dB. One of the scheme’s trade-offs is the potential decrease in DL throughput performance during the CLI slots. However, as shown in Figure 8, the average DL throughput remains almost constant. This observation also depends on the scenario and it could be different for power-limited scenarios such as urban macro deployments with indoor UEs.
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[bookmark: _Ref101530796]Figure 8. Average throughput per packet in small gNBs (UL) and macro gNBs (DL)
Based on our considerations, and related performance results, we propose the following:
· Proposal 4: Enhanced gNB receivers should be considered as a possible solution for CLI mitigation, potentially assisted through information exchange of the CLI aggressor characteristics over the Xn interface (or the F1 interface in case of gNB-split architectures). Detailed solution is FFS.
· Proposal 5: The potential benefits of boosting the UE Tx power in slots that are subject to high CLI should be further investigated as a potential method to boost UL received SINR at the victim cell. Detailed solution is FFS.
· Proposal 6: The potential benefits of reducing the Tx power of the aggressor cell to reduce the CLI impact on the victim cell should be further studied, including potential coordination mechanisms between aggressor and victim cells (e.g. via the Xn or F1 interface) to orchestrate this. Detailed solution is FFS.

Conclusion
The contribution is summarized by the following observations and proposals:
Observation 1: Dynamic TDD operation for FR1 deployments is primarily applicable for low power gNBs, while being problematic for high power macro gNBs without causing adjacent channel coexistence problems, i.e. macro gNB use static and fully aligned/synchronized TDD radio frame configurations. 
Observation 2: Solutions for Rel-16 co-channel CLI focused on UE-to-UE CLI problems, where new UE-to-UE CLI measurements (and corresponding reporting) were standarized. Solutions to mitigate gNB-to-gNB CLI were not standardized in Rel-16.
Observation 3: For having a completely standardized solution for UE SRS-RSRP measurements, gNBs should be able to exchange their cells/UEs SRS configurations over the Xn/F1 interface. This is missing from current NR specifications.
Observation 4: Exchange of the ”Intended TDD DL-UL Configuration” over the XnAP and F1AP was standardized in Rel-16, basically to allow a gNB to announce the TDD radio frame configuration that a cell intends to use. No additional Xn/F1 signalling is standardized to facilitate TDD radio frame coordination between cells.
Proposal 1: In line with Rel-16 TDD coexistence findings (3GPP TR 38.828), it is proposed that the FR1 macro gNBs use a static DL-heavy TDD radio frame configuration, while low power gNBs are allowed to use dynamic TDD, where the ratio of DL and UL resources is dynamically adjusted. 
Proposal 2: For having a completely standardized solution of UE SRS-RSRP measurements, exchange of cells/UEs SRS configuration over the Xn/F1 interface shall be standardized.
Proposal 3: For studying inter-cell CLI for traditional TDD, we suggest focusing on gNB-to-gNB CLI mitigation. This is motivated by the higher gNB transmit powers and antenna gains as compared to that of UEs. 
Observation 5: The UL performance of the small cells with dynamic TDD is severely impacted by the strong gNB-to-gNB CLI from the macro layer with DL-heavy TDD configuration. At least 20 dB UL SINR improvement is needed to achieve decent UL performance in slots with gNB-to-gNB CLI. 
Observation 6: The victim gNB is heavily impacted by the strongest CLI aggressor cell (normally the closest macro gNB), while the other aggressor cells provides much weaker CLI contributions. Enhancements to mitigate the CLI from the strongest aggressor cell are therefore sufficient to achieve good performance benefits.
Proposal 4: Enhanced gNB receivers should be considered as a possible solution for CLI mitigation, potentially assisted through information exchange of the CLI aggressor characteristics over the Xn interface (or the F1 interface in case of gNB-split architectures). Detailed solution is FFS.
Proposal 5: The potential benefits of boosting the UE Tx power in slots that are subject to high CLI should be further investigated as a potential method to boost UL received SINR at the victim cell. Detailed solution is FFS.
Proposal 6: The potential benefits of reducing the Tx power of the aggressor cell to reduce the CLI impact on the victim cell should be further studied, including potential coordination mechanisms between aggressor and victim cells (e.g. via the Xn or F1 interface) to orchestrate this. Detailed solution is FFS.


Annex A: Simulation assumptions
[bookmark: _Ref101532452]Annex A1: System-level simulation assumptions
	Parameter
	Value

	
	Macro cell
	Small cell

	Layout
	Hexagonal grid, 3 sectors per site
and 7 Macro sites. 

ISD = 500m 
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Clusters uniformly random within macro geographical area; small cells uniformly random dropping within cluster area

	System bandwidth per carrier
	20 MHz
	20 MHz

	Carrier frequency 
	3.5 GHz
	3.5 GHz

	Total BS TX power (Ptotal per carrier)
	46 dBm
	30 dBm 

	Channel model
	UMa in TR 38.901
	UMi in TR 38.901

	Channel model (UE-to-UE)
	UMi in TR 38.901

	UE-to-UE min. coupling loss
	40 dB

	Antenna Height
	25m
	10m

	UE antenna Height
	1.5m

	Antenna gain + connector loss
	8 dBi 
	0 dBi (isotropic antenna element)

	Antenna gain of UE
	0 dBi

	Antenna configuration
	{M, N, P, Mg, Ng} = {4, 4, 2, 1, 1};
(dH, dV) = (0.5, 0.5)λ
	{M, N, P, Mg, Ng} = {2, 2, 2, 1, 1};
(dH, dV) = (0.5, 0.5)λ

	Antenna configuration of UE
	{M, N, P, Mg, Ng} = {1, 2, 2, 1, 1};
(dH, dV) = (0.5, 0.5)λ

	Antenna element radiation pattern
	According to 38.901
	Isotropic

	Antenna element radiation pattern of UE
	Isotropic

	Number of clusters/buildings per macro cell geographical area
	1

	Number of small cells per cluster
	4

	Number of UEs 
	300 UEs in total. 14 UEs per macro cell geographical area on average.

	UE dropping
	Baseline: 2/3 UEs randomly and uniformly dropped within the clusters, 1/3 UEs randomly and uniformly dropped throughout the macro geographical area. 100% UEs are outdoor

	Radius for small cell dropping in a cluster
	50m 

	Radius for UE dropping in a cluster
	70m

	Minimum distance (2D distance)
	Small cell – small cell: 20m

	
	Small cell – UE: 5m

	
	Macro – small cell cluster center: 105m

	
	Macro – UE : 35m

	
	cluster center – cluster center: 2*Radius for small cell dropping in a cluster

	Traffic model
	Baseline: FTP Model 3. Based on FTP model 2 (as in TR 36.814) with the exception that packets for the same UE arrive according to a Poisson process and the transmission time of a packet is counted from the time instance it arrives in the queue

File size: 0.5 Mbytes irrespective of the link direction

	Traffic ratio
	DL:UL = {4.75:0.25}
	DL:UL = {3:1}

	TDD frame configuration
	{DDDDU}
	{DUUUU; DDUUU; DDDUU; DDDDU}

	UE receiver
	MMSE-IRC as baseline

	BS noise figure
	5 dB
	9 dB

	UE noise figure
	9dB

	UE speed
	Static with fast fading speed = 3km/h

	Cell selection criteria
	RSRP with cell range extension of 7.5 dB for the small cells




Annex A2: Link-level simulation assumptions
	Parameter
	Value

	Subcarrier spacing
	30 kHz

	Carrier frequency
	4 GHz

	Resource allocation
	5MHz, 10MHz, 20MHz

	Number of Tx antennas
	1
Assuming only 1Tx port is used 

	Number of Rx antennas
	2

	CP length
	Normal

	Propagation condition
	TDL-A DS=30ns

	UE velocity 
	3 kph

	Waveform
	CP-OFDM

	DMRS configuration
	Type 1 DMRS, 2 OFDM symbols

	Number of interferers
	2

	Interference model
	DIP profile = [-1.73, -8.66] dB

	Receiver
	Standard MMSE-IRC (No knowledge of interference parameters)
Advanced MMSE-IRC (Knowledge of interference parameters)
SLIC (Symbol-level SIC)

	Channel estimation
	Realistic

	Performance metric
	BLER performance
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