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Introduction
The following objectives are specified in the study item on evolution of NR duplex operation [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 discuss issues with dynamic TDD and provide some potential solutions particularly to handling inter-gNB cross-link interference (CLI). 
Background
In conventional TDD operation, the limited allocation of time slots in the UL direction results in reduced coverage, increased latency, and reduced UL capacity.  NR duplexing flexibility, i.e., dynamic TDD and subband non-overlapping full duplex (SBFD), has the capacity to enhance the limitations of TDD, as it allows flexible resource allocation to adapt to varying traffic patterns. This can be achieved through the flexible allocation of UL and DL slots and the co-existence of UL and DL bandwidth parts within a conventional TDD band. However, duplexing flexibility may result in cross link interference (CLI) between gNBs (Inter-gNB CLI), between UEs (Inter-UE CLI) as shown in Figure 1. This occurs when neighbouring gNBs transmit UL and DL directions using the same time-frequency resources. In particular, the gNB-to-gNB interference from the downlink transmission of an aggressor gNB to the UL reception of a victim gNB can lead to significant performance degradation. Depending on the deployment scenario, the inter-gNB CLI may be caused by either co-channel interference, adjacent channel interference or both. From Figure 1, the interference from gNB1 to gNB2 is known as co-channel inter-gNB CLI if gNB1 and gNB2 operate on the same frequency band. However, if gNB1 and gNB2 operate on adjacent frequency bands, this interference is known as adjacent-channel inter-gNB CLI. Both types of inter-gNB CLI can be detrimental to UL performance. Initial simulation results show up to 15% loss in UL spectral efficiency due to severe inter-gNB CLI in dense urban deployment [2].   
As a result, techniques to handle inter-gNB CLI should be considered and supported in NR duplexing operation. Generally, inter-gNB CLI mitigation techniques can be grouped into two main categories: proactive mitigation schemes and reactive mitigation schemes. Proactive mitigation schemes take action to avoid CLI by carefully coordinating transmission resources, whereas reactive mitigation schemes take action to suppress or cancel the interference at the receiver side.  Examples of both schemes are discussed in Section 3. In Section 4, a mechanism for enabling two UL power control loops for UL power boosting is proposed for inter-gNB CLI handling. 
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[bookmark: _Ref102033163]Figure 1: Interferences in dynamic TDD and SBFD.
Potential inter-gNB CLI mitigation schemes
This section describes some mitigation schemes that can be used to address the inter-gNB CLI problem and enable the efficient implementation of duplexing flexibility in NR.
Reactive Mitigation Schemes
This section discusses interference suppression schemes that apply advanced receiver processing at the gNB side to suppress or cancel interference from neighbouring cells. Such advanced receivers were introduced in LTE studies, i.e., Network-Assisted Interference Cancellation and Suppression (NAICS) and was shown to be effective [3]. Therefore, advanced receivers can be considered to address the inter-gNB CLI in NR flexible duplexing. These receivers can be either linear or non-linear in nature and require varying degrees of knowledge of the interference channel for efficient operations. In general, the candidate advanced receivers can be grouped into:
· Interference Suppression (IS) / Cancellation (IC) receivers
IS receivers can suppress the inter-gNB CLI at a victim gNB by applying a linear filter to the received signal [2]. Examples of IS receivers are:

LMMSE-IRC: This is a relatively simple receiver which requires no knowledge of the interference parameters. However, the LMMSE-RIC receiver has poor performance compared to other advanced receivers since it may be unable to effectively suppress inter-gNB CLI due to the lack of knowledge of interference parameters. 

Enhanced LMMSE-IRC: This is an advance version of LMMSE-IRC which require the acquisition of gNB-to-gNB interference parameters. Knowledge of the interferer parameters, such as its DMRS or CSI-RS, can enable a more accurate interference channel estimation, which can improve the quality of the linear filter used for interference suppression. Thus, improved interference suppression can be obtained at the expense of additional receiver complexity. Neighbouring gNBs can exchange the relevant interference parameters over the Xn interface. 

IC receivers, on the other hand, are non-linear receivers that employ the successive application of signal detection and interference cancellation. The effective cancellation of inter-gNB CLI at a victim gNB may involve multiple iterations of the IC receiver. Similar to IS receivers, IC-type receivers require the exchange of interference parameters between gNBs. 

There are two main types of IC receivers [3]:
Code word level IC (CWIC):  For this type of receiver, the inter-gNB interference can be cancelled/subtracted based on the output of a decoder. It utilizes the successive application of signal detection, decoding, re-encoding and interference cancellation. If linear detection (e.g., LMMSE-IRC) is used, the receiver is referred to as linear CWIC (L-CWIC). 

Symbol level IC: For this type of receiver, the inter-gNB interference can be cancelled/subtracted based on the output of signal detection or demodulation. It utilizes the successive application of linear detection, signal reconstruction and interference cancellation. cost of additional complexity involved

· Maximum Likelihood (ML) receivers
ML-type receivers are also non-linear in nature. The ML receiver is capable of jointly detecting both the desired and interference signals according to the ML criterion [3]. To effectively cancel the inter-gNB CLI, ML receivers require knowledge of the interference parameters to enable the estimation of the interference channel as well as a symbol level detection of the interference signal. The required information to be exchanged between gNBs may include transmission scheme (beamforming/precoding), number of layers used by the interfering gNB, numerology, modulation order, slot/mini slot (starting/ending symbol of gNB interference), etc. 
[bookmark: _Ref102058858]Observation 1: Advanced receivers at the gNB can help to address the inter-gNB CLI but they require the exchange of interference parameters between gNBs.
[bookmark: _Ref102058926]Proposal 1: Advanced receiver-based interference mitigation schemes could be considered in RAN1 to address the inter-gNB CLI.
Proactive Mitigation Schemes
This section discusses proactive based schemes. These schemes aim to avoid inter-gNB CLI by carefully coordinating transmissions between neighbouring gNBs. To effectively handle inter-gNB CLI using a proactive based scheme, victim gNBs need to have access to interference information from individual aggressors. Therefore, statistical CLI measurements and exchange of interference parameters between gNBs are essential. Examples of proactive based CLI mitigation schemed for handling inter-gNB CLI are [4]:
· Power Control
One method that can be considered for inter-gNB CLI mitigation is power control. In general power control for handling inter-gNB CLI can be achieved in two ways. One approach is DL transmit power reduction, where the transmit power of an aggressor gNB is reduced during time slots where it causes high inter-gNB CLI to a victim gNB. This approach can help to improve the UL SINR at the victim gNB by lowering the level of inter-gNB CLI. However, reducing the transmit power of the aggressor may negatively impact performance in the aggressor cell. Another approach for power control is UL transmit power boosting, where the transmit power of UEs in a victim cell is boosted during slots where the victim gNB experiences high inter-gNB CLI. This mechanism can increase the UL SINR at the victim gNB at the expense of increased UE power consumption. Therefore, the tradeoffs between the potential gains and losses should be studied for both power control schemes. 

Both approaches will require careful coordination between the aggressor and victim gNBs, including interference measurement and reporting. For a particular victim gNB, the aggressor gNBs may belong to the same operator or different operator. For the different operator scenario, information exchange and coordination between gNBs is more challenging. However, for the same operator scenario, inter-gNB coordination is more feasible. As a start, power control for inter-gNB handling can be considered in same operator scenarios. 

In our view, UL power boosting can be an effective approach for mitigating inter-gNB CLI. A description on how UL power boosting can be achieved is presented in Section 4.  

· Beam coordination 
In NR, highly directional beam transmission is possible using multi-antenna technologies like massive MIMO and beamforming, especially at high frequency bands. This in-built beamforming capability of NR can be exploited to handle the inter-gNB CLI in NR flexible duplexing. For example, the downlink transmission beam from an aggressor gNB can be adjusted such that neither the main beam nor sidelobes are pointing directly towards a victim gNB. This approach will require interference measurement and reporting between neighbouring gNBs in a way that enables a victim gNB to identify and coordinate with individual aggressor gNBs separately. 
In general beamforming for gNB-to-gNB CLI mitigation can be achieved by:
Digital beamforming: In this case the aggressor gNB applies a precoder such that the CLI can be nulled/cancelled at the victim gNB. For efficient precoder design, this approach will require the knowledge of gNB-to-gNB CSI. The relevant interference parameters of neighbouring gNBs can be exchanged over the Xn interface. Moreover, victim gNB may be configured to estimate the interference channel from CSI-RS of aggressor gNBs. 

Analog beamforming: In this case the aggressor gNB can adjust its beam direction in the analog/RF domain such that the received interference at the victim gNB is minimized. The DL transmission beam can be controlled by selecting different combinations of azimuth and elevation directions. This approach is relatively simple and does not require the knowledge of gNB-to-gNB CSI.  

In our view, analog beamforming is a more realistic approach for inter-gNB CLI handling compared to digital beamforming. A description of how to enable analog beamforming for inter-gNB CLI handling is given in the next subsection. 
[bookmark: _Ref102058869]Observation 2: Proactive mitigation schemes at the gNB can help to avoid the inter-gNB CLI but they require the exchange of coordination information between gNBs. 
[bookmark: _Ref102058876]Observation 3: Proactive mitigation schemes may be more feasible for same operator scenario due to the need for coordination between gNBs.
[bookmark: _Ref102058884]Observation 4: UL power boosting can be an efficient approach for inter-gNB CLI mitigation.
[bookmark: _Ref102058891]Observation 5: Analog beam coordination between gNBs is a more practical approach for inter-gNB CLI handling compared to digital beamforming. 
Beamforming based Inter-gNB CLI mitigation
Here, we focus on beam coordination as the mitigation scheme to address the inter-gNB CLI in NR duplexing flexibility. Analog beamforming is considered because of its simplicity compared to digital beamforming. The overall approach is to ensure that, while a gNB performs beam steering toward UEs within its coverage area, it performs beam nulling towards neighbouring gNBs. For effective interference avoidance it important for a victim gNB to identify the effect of each individual aggressor gNB separately. The key enablers for this approach are: (i) interference measurement at the gNB (ii) interference reporting between neighbouring gNBs and (iii) analog beamforming (phase shifting) to avoid inter-gNB CLI. 
· Interference Measurement (IM)
To effectively avoid inter-gNB CLI, the IM technique must be able to identify an aggressor and measure the CLI level from that aggressor. If possible, an existing IM technique and reference signal (RS) should be reused for CLI measurement in NR flexible duplexing. gNBs can undertake IM using the CSI-RS received from neighbouring gNBs. This is because downlink transmission from a gNB can be simultaneously received at near-by gNBs in NR flexible duplexing operation.
In the case of CSI-IM at the UE, CSI-RS allows the UE to measure the DL interference level from an interfering gNB in the absence of transmissions from the serving gNB, i.e., the serving gNB does not transmit anything within the resource elements (REs) allocated to the CSI-IM resources. This enables the UE to measure the background interference originating from interfering gNBs.
This approach can be adopted to allow gNBs to measure the inter-gNB CLI from neighbouring gNBs in NR flexible duplexing. As mentioned above, a victim gNB must be able to measure the interference from individual aggressors. Therefore, the REs for CSI-IM must be allocated such that out of a set of neighbouring gNBs, each gNB transmit CSI-RS on dedicated REs. On the REs allocated to a particular aggressor gNB, neighbouring gNBs (victims) do not transmit anything, but rather measure the CLI originating from the aggressor gNB. As a result, neighbouring gNBs can measure and report the inter-gNB CLI received from each other. 

· Interference Reporting
Neighbouring gNBs can coordinate their IM information through backhaul signalling over the Xn interface. For statistical measurements, the measurement quantities that can be exchanged between gNBs include reference signal received power (RSRP) and reference signal strength indicator (RSSI). Note that, like the power control case, coordination of measurement information is more feasible in the same operator scenario. 

· Analog beamforming
Upon receiving a measurement report from a victim gNB, the aggressor gNB uses analog phase shifting to point its beams away from victim gNBs. The analog phase shifting can be achieved by selecting different combinations of elevation and azimuth directions for the transmit beam. It is important that this beam coordination scheme considers the effect of the selected beam direction on all neighbouring gNBs. Therefore, each aggressor must select an optimum beam direction by considering the IM report received from all neighbouring gNBs. 
[bookmark: _Ref102058898]Observation 6: Measurement of inter-gNB CLI in NR duplex operation can be based on existing RSs, such as CSI-RS.
[bookmark: _Ref102058933]Proposal 2: Proactive-based interference mitigation schemes such as power control and analog beamforming could be considered in RAN1 for same operator inter-gNB CLI handling.
Uplink power boosting for Inter-gNB CLI handling 
Several inter-gNB CLI mitigation schemes are discussed in the previous section. Here, we focus on UL power boosting as a mechanism for handling the problem of inter-gNB CLI in DTDD and SBFD systems. As mentioned above, UE transmit power boosting can help to increase UL SINR at a victim gNB in the presence of inter-gNB CLI. In the current specification a single UL power control loop is defined for transmission in all UL slots, which means that applying UL power boosting will increase the UE transmit power equally on all UL slots. However, DTDD and SBFD systems consist of two slot types – slots that experience inter-gNB CLI (CLI slots) and slots that do not experience inter-gNB CLI (non-CLI slots). This is illustrated in Figure 2, where one set of slots in the victim gNB experience both inter-gNB CLI and co-channel interference (CCI) and another set of slots experience only CCI. As a result, applying UL transmit power boosting in DTDD and SBFD systems based on the current specification will boost the transmit power equally on CLI and non-CLI slots. This will cause power wastage on non-CLI slots since they experience no inter-gNB CLI and therefore do not require any power boosting for CLI handling. 
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[bookmark: _Ref111197078]Figure 2: Illustration of CLI and non-CLI slots in dynamic TDD
A mechanism to address this issue is to provide two UL power control loops to the UE as shown in Figure 3, where one power control parameter, , is applied to CLI slots and another power control parameter, , is applied to non-CLI slots. However, the current specification does not allow such flexibility in UL power control. Therefore, the feasibility of enabling two UL power control loops for inter-gNB CLI handling in DTDD and SBFD should be studied for all UL transmissions (e.g., PUSCH transmission, PUCCH transmission, SRS transmissions). Moreover, the two power control loops and the sets of slots where they are applied must be indicated to the UE through RRC signalling or layer-1 signalling. We propose that a bitmap can be used for the slot indication to the UE. The UE applies one UL power control loop for the set of slots with bit value = 0, and the other UL power control loop for the set of slots with bit value = 1, as shown in Figure 3. 
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[bookmark: _Ref111197142]Figure 3: Two power control loops for CLI and non-CLI slots
[bookmark: Observation7]Observation 7: Applying UL power boosting across all UL slots will cause power wastage on non-CLI slots.
[bookmark: proposal3][bookmark: proposal_3]Proposal 3: RAN1 to study the feasibility of enabling two UL power control loops for inter-gNB CLI handling in DTDD and SBFD.   
[bookmark: proposal4][bookmark: proposal_4]Proposal 4: Support the use of a bitmap for slot indication to the UE when two UL power control loops are enabled for inter-gNB CLI handling in DTDD and SBFD.   
Conclusions
In this contribution, we make the following observations and proposals. 
Observation 1: Advanced receivers at the gNB can help to address the inter-gNB CLI but they require the exchange of interference parameters between gNBs.
Observation 2: Proactive mitigation schemes at the gNB can help to avoid the inter-gNB CLI but they require the exchange of coordination information between gNBs.
Observation 3: Proactive mitigation schemes may be more feasible for same operator scenario due to the need for coordination between gNBs.
Observation 4: UL power boosting can be an efficient approach for inter-gNB CLI mitigation.
Observation 5: Analog beam coordination between gNBs is a more practical approach for inter-gNB CLI handling
Observation 6: Measurement of inter-gNB CLI in NR duplex operation can be based on existing RSs, such as CSI-RS.
Observation 7: Applying UL power boosting across all UL slots will cause power wastage on non-CLI slots.
Proposal 1: Advanced receiver-based interference mitigation schemes could be considered in RAN1 to address the inter-gNB CLI.
Proposal 2: Proactive-based interference mitigation schemes such as power control and analog beamforming could be considered in RAN1 for same operator inter-gNB CLI handling.
Proposal 3: RAN1 to study the feasibility of enabling two UL power control loops for inter-gNB CLI handling in DTDD and SBFD.
Proposal 4: Support the use of a bitmap for slot indication to the UE when two UL power control loops are enabled for inter-gNB CLI handling in DTDD and SBFD.  
References
[1] [bookmark: _Ref102064508][bookmark: _Ref102032953][bookmark: _Ref95547977][bookmark: _Ref528853922][bookmark: _Ref481596356][bookmark: _Ref481781528][bookmark: _Ref481782557][bookmark: _Ref101789663]RP-213591, “New SI: Study on evolution of NR duplex operation”, CMCC, RAN#94e, December 2021.
[2] [bookmark: _Ref102064539]R1-2204721, “Deployment Scenarios and Evaluation Methodology for NR Duplex Evolution”, MediaTek Inc., April 2022.
[3] [bookmark: _Ref102033416]3GPP TR36.866, “Network-Assisted Interference Cancellation and Suppression for LTE”.
[4] [bookmark: _Ref102036965]3GPP TR38.802, “Study on New Radio Access Technology Physical Layer Aspects”.	
Page 6 of 7

image1.emf
gNB1

gNB2

 Inter-gNB CLI

(DL-to-UL)

 Inter-UE CLI

(UL-to-DL)

UE1

UE2

SBFD Scenario

gNB1

gNB2

 Inter-gNB CLI

(DL-to-UL)

Inter-cell 

Inter-UE CLI

(UL-to-DL)

UE1

UE2

UE3 UE4

Intra-cell 

Inter-UE CLI

(UL-to-DL)

SI SI

Dynamic TDD Scenario


image2.emf
UL UL UL UL UL UL

CLI-SLOTS 

(Have both CCI and CLI)

NON CLI-SLOTS

(Have only CCI)

DL DL DL UL UL UL

Victim gNB 

TDD Pattern

Aggressor gNB 

TDD Pattern

Inter-gNB CLI


image3.emf
UL UL UL UL

UE TDD Pattern 

Slot Indication 

1 1 0 0

 Transmission on 

CLI slots

Transmission on 

non-CLI slots

p0_1

p0_0


