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1 Introduction

It was agreed in RAN1#87 meeting that below aspects for cross-link interference mitigation schemes should be studied for duplexing flexibility.
Agreements:

· At least following schemes are identified to be further studied aiming to mitigate cross-link interference with and without the assumption on inter-cell coordination:

· Advanced receiver for interference cancellation/suppression 

· RS design (e.g. symmetric RS) and timing alignment between DL and UL 

· Sensing/measurement scheme (e.g. LBT-like, OTA measurement if any, etc.)

· Power control and coordinated schemes (e.g. coordinated beamforming/scheduling, OTA signalling if any, etc.)

· Link adaptation
· Strive for common cross-link interference mitigation schemes for both paired and unpaired spectrum.

· For further study of measurements of cross link interference (CLI), aim for (if possible) reusing a physical reference signal used for other purposes 

· The need to enable CLI measurement should be taken into account when designing the RS which is also to be used for CLI measurement

· Study metric(s) to be used for CLI measurement, e.g., RSRP

· Physical reference signal used for CLI measurement aim for the same type for DL & UL (e.g. DM-RS type, CSI-RS type, etc.)

· To support CLI measurement, RS of a UE or a TRP aim to be received by another UE or another TRP 

Besides, some agreement on assigned DL and UL transmission direction were also reached.
Agreements:

· NR should support dynamically assigned DL and UL transmission directions at least for data on a per-slot basis at least in a TDM manner

· FFS control signaling details (e.g. UE or cell-specific, applicable for cross and/or same-slot scheduling, switching between dynamic and semi-static operation, etc.)

· FFS adaptation at the level of a mini-slot

· Other aspects, if any, are not excluded

· Note: the applicability of the above bullets in terms of spectra is a separate discussion

In this contribution, we first discuss the duplexing flexibility operations and next the interference mitigation techniques, such as interference sensing/measurement, power control, cross-link coordinated beamforming (CL-CBF), and advanced receiver. Lastly, we discuss the corresponding scheduling aspects and link adaptation.
2 Discussion on duplexing flexibility operations
2.1 Time scales for duplexing flexibility
The mechanisms for duplexing flexibility are a promising way for efficient spectrum utilization which can flexibly match the instantaneous DL/UL traffic variation. Therefore for NR, to better exploit the traffic variations, more dynamic assignment of uplink/downlink resources should be supported. The following time scales should be considered as the possible time scales for duplexing flexibility.

· Alt 1: Aggregated multi-slots
· Alt 2: Slot
· Alt 3: Mini-slot
Different time scales may have different system impacts. From the perspective of traffic adaptation, a shorter time scale may be beneficial, e.g., per slot or mini-slot. But, for small cell deployments, a shorter time scale may be useful to enable very fast traffic adaptation to the traffic variations since the traffic variations are much larger than that in a large cell. However, the frequent DL-to-UL switching loses spectral efficiency due to guard period overhead. Furthermore, for macro-cell deployment, the frequent switching between DL and UL may not be necessary as the traffic characteristics are rather static. 

Another issue is the service type that is supported in duplexing flexibility. For example, if URLLC is supported in duplexing flexibility, then large time scale, i.e., slow UL-DL adaptation would be harmful for latency reduction of URLLC traffic. For eMBB, the larger granularity is beneficial for scheduling larger traffic data.

Therefore, the operation granularity for duplexing flexibility can be a mini-slot, a slot, or aggregated multi-slots and to satisfy different traffic requirements, the assignment granularity can be adaptively changed.
Proposal 1: The assignment granularity of a mini-slot should also be considered for duplexing flexibility and different operation granularity can be adaptively changed according to different traffic requirements.

2.2 The signaling for duplexing flexibility 
After the transmission direction is determined, the gNB should inform the UE of data transmission. Therefore, some signalling should be considered for implementing duplexing flexibility. The gNB can notify the UE of the transmission directions using one of the options below:

· Option 1: Indicating the transmission direction implicitly
The UE simply follows the scheduling assignments and grants received from the scheduler to know which slot is downlink and which slot is uplink. If a downlink assignment is received for a certain time interval, then the UE receives and processes the downlink data according to the timing indication. Similarly, if an uplink grant is received, instructing the UE to transmit in a certain time interval, then the UE does so.
For this option, the overhead of signalling can be reduced. However, the complexity of blind detection downlink control information (DCI) is very high in which the UE may also do DCI detection on the UL slot where it is not scheduled. Besides, there could be some problems with channel state information (CSI) measurements that should be considered. Such as for the slots where the UE is not scheduled downlink data of this UE, this UE does not know this is a downlink slot, so it cannot measure the channel.  Furthermore, it is hard to average the interference of multiple slots and then the CSI report is not accurate.
· Option 2: Indicating the transmission direction explicitly
In this option, the subframe/slot type of each subframe in a radio frame is configured by the network, either by L1 signaling or by RRC signaling. A common DCI should be considered for transmitting to the UE the slot configuration. Also, a two-level DCI can in addition be applied to inform the latest or adjusted transmission direction.
Furthermore, some configuration pattern can be predefined to reduce the overhead. Or a slot group size and some DL: UL ratio is configured by RRC signaling and gNB only indicate the configuration ratio index.
Proposal 2: A common DCI should be design for signaling the transmission direction dynamically.

2.3 Resource usage and assignment
For better utilization of flexible resources, NR should support the mechanism to maximize the resources that can be used flexibly. Meanwhile, the interference environment of the TDD system in NR can be more dynamic than LTE considering frequency reuse among the cells of duplexing flexibility and the dynamic multiplexing of subframes/slots/mini-slots of various numerologies. This imposes new requirements and challenges on resource assignment.
Note that resource assignment can be designed in conjunction with interference handling. In other words, resource assignment proactively controls interference or proper resource assignment prevents strong interference. Therefore, resource assignment schemes should allocate radio resources to the UEs with the aim of achieving a desirable interference. Based on the allocated resource, interference presented in each radio link can be handled by interference handling schemes. Some methods can be considered to obtain the resources and details can be seen in our contribution [2].
That is to say, resource assignment for each slot of a link needs to consider interference conditions at both DL and UL directions. If the interference is high, the transmission direction can be adjusted to the opposite one (e.g. DL-UL to UL-DL). Otherwise, the gNB can occupy the resource that is primarily assigned for the other radio links and send the adjustment information to the UE. 
Proposal 3: The resource assignment for each slot of a link needs to consider interference conditions.

2.4 Scheduling adjustment / HARQ treatment
If the transmission directions of some resources are dynamically changed, e.g. for some low latency requirement of some service, then it will have some influence on scheduling data transmission and HARQ treatment. Figure 1 shows an example of a potential DL/UL configuration and reassignment when slot-based duplexing flexibility is applied. In slot0, gNB send a DCI to schedule DL data from slot0 to slot2. However, in slot1, a higher priority UL data needs to be sent immediately with lower latency requirement. In this case, the gNB can send a DCI in slot1 to change slot1 structure as illustrated in Figure 1 to transmit the UL data.
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Figure 1: Reassignment of transmission direction to support low latency service
The following candidate methods can be considered for the UE to transmit the previous scheduled DL data.

· Alt 1: The grant of the data will be given up and the data will be dropped.
· Alt 2: The data can be transmitted on the other resource. The UE will blind detection the DCI indication of the adjustment transmission in another slot or another frequency position.
· Alt 3: The data can be transmitted in some reserved resources.
· Alt 4: The data can still be transmitted with link adaptation.
It has been agreed that the HARQ timing between data transmission and corresponding ACK/NACK can be indicated explicitly. Furthermore, it has been agreed that the scheduling timing between UL grant and UL data can also be indicated explicitly. It is also allowed to have explicit and flexible indication for the scheduling timing DL grant and DL data. Therefore, the design of HARQ/scheduling timing shall efficiently support the duplexing flexibility operation. If the scheduled data position is changed, the corresponding ACK/NACK may also need re-indication. In other words, the scheduled data and ACK/NACK feedback time position can also be dynamic changed for duplexing flexibility.

Therefore, with a proper design of the subframe/slot structure and HARQ/scheduling timing, it is possible to avoid cross-link interference on the control channels if the control channel position is fixed or semi-static configured.                                                   
Proposal 4: The scheduled data and ACK/NACK feedback time position should also be dynamically changed when the transmission direction is dynamically assigned. 

3 Cross-link interference mitigation schemes 
With duplexing flexibility, interference between DL and UL is unavoidable. Interference management is crucial for duplexing flexibility to provide performance improvement. In this section, we will discuss various cross-link interference mitigation schemes, such as interference sensing/measurement, scheduling adjustment and link adaptation, the advanced receiver, coordinated beamforming, and power control.
3.1 Interference sensing/measurement based scheme

If the transmitter sends data directly, the performance would be seriously decreased due to dynamically changed interference of various deployment scenarios and flexible resource scheduling of NR. More interference scenarios and challenges analysis can be seen in contribution [2]. Therefore, interference mitigation schemes based on different interference sensing and measurement can be considered for centralized/distributed coordination to deal with interference fluctuation. Thus, flexible interference sensing and measurement mechanism should be considered to assist some cross-link interference mitigation schemes for NR flexible duplex.
For such interference dynamically changed scenario, instantaneous measurement is more accurate and efficient than statistical measurement, which can recognize the temporal channel state or can even identify the aggressor before gNB/UE data transmission. Two types of instantaneous measurement can be considered as following:

· Type 1: Sensing the channel energy which is similar to LAA CCA
In this case, to sense the cross -link interference well, a time slot for sensing should be introduced in the subframe for NR. gNB/UE can perform the DL-UL interference sensing in the time slot dynamically. The time slot length can be related to the quality of service (QoS) or the priority of the traffic. The higher priority traffic has the shorter time slot compared with the lower priority traffic. However, itt is difficult for gNB/UE to know which type of interference it belongs to if it is relying solely on energy detection.
· Type 2: Signal detection
This kind of measurement is to detect some predefined RS signal transmitted by other gNB/UE, these signals can carry some information, such as cell/UE ID or transmission direction information, by which the gNB/UE can identify the aggressors or cross-link interference (CLI)/non-CLI type. The CLI measurement signals can reuse the RS used for other purposes such as demodulation reference signal (DMRS), channel state information reference signal (CSI-RS) or sounding reference signal (SRS).
For these energy/signal detection or measurement, the sensing resource can be RB level or some resource pattern. Besides, multiple sensing opportunities for scheduled data transmission of multi-slot aggregation or one slot can be configured to minimize the loss of transmission opportunity. Moreover, to avoid the hidden nodes problem of sensing, both the transmitting nodes and the receiving node perform channel sensing before transmission and reception. The method of randomizing channel sensing starting position should also be considered to avoid cross-link interference due to the simultaneous channel sensing idle between a gNB transmitting in DL and a UE transmitting in UL for synchronous system. For more details refer to our companion contribution [3].
Based on sensing, some solutions (e.g. power control, scheduling coordination, rate adaptation, etc) can be applied to reduce the cross-link interference. Such as, gNB adjusts the DL/UL scheduling or resource assignment according to the detection results.
3.2 Scheduling adjustment/link adaptation 

Coordinated scheduling or scheduling adjustment is another method to mitigate cross-link interference, which can be based on the results of sensing or measurement. Two candidate methods for scheduling after interference sensing/measurement can be considered as following.

Method 1: If strong cross-link interference is detected, the data will not be transmitted on the scheduled slot and the grant of the data will be given up;
Method 2: If strong cross-link interference is detected, the scheduling of the data will be adjusted to mitigate cross-link interference and the scheduling adjustment or link adaptation can be as following.

· Alt 1: Reducing transmit power
· Alt 2: Adjusting MCS, TBS
· Alt 3: Changing carrier or beam

· Alt 4: Transmitting the data on another PRB or slot/HARQ process.
· For downlink data transmission the scheduling information such as MCS, TBS, carrier, PRB, slot/HARQ process, or beam can be updated by the secondary DCI or fast DCI. If strong cross-link interference is detected, most of the scheduling information is preserved and only partial information mentioned above will be updated by the second DCI. Also, the primary grant will be given up and the secondary grant will come into effect.
· For uplink data transmission, UE should prepare multiple data according to multiple grants. The transmission of each UE should be adjusted or make some link adaptation to match the time resource for transmission. For example, as illustrated in Figure 2, in a time duration, such as one slot or aggregation multiple slots,  three UEs of cell2 at different area are scheduled at the same time resource, but the start time position of the scheduling data of each UE is different, which is base on the sensing or measurement results. 
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Figure 2: Data transmission combined with sensing or measurement results.
Therefore, some signaling to inform the sensing/measurement resource should be design.
Proposal 5: A scheduling scheme or link adaptation combined with sensing or measurement results should be considered to avoid cross-link interference.
3.3 Other cross-link interference mitigation schemes 
Besides interference sensing/measurement and scheduling scheme or link adaptation, below schemes can also be considered for interference management for duplexing flexibility.
· Power control

Power control can be regarded as one potential method to manage cross-link interference in duplexing flexibility and to fulfil the performance requirements. For example, the aggressor TRP may decrease DL transmit power to alleviate interference on the UL reception of victim TRP. A flexible power control scheme should be considered to reduce the interference between UE-to-UE and TRP-to-TRP since duplexing flexibility in NR will face more changeable cross-link interference. The transmission power should match with the interference level. So, the same parameter set for transmission power can be configured for the same interference level. 
Also, the implementation of power control can be assisted with interference measurements/sensing mechanisms. For instance, if strong cross-link interference is detected, the scheduling of the data will be adjusted such as reducing power. Hence, power control can be used for the interference control together with the coordinated scheduling. As a result, based on some interference sensing/measurement, power control can be used to avoid or reduce the strong UE-to-UE interference. Some configurations about power control parameters can be made based on the sensing/measurement statistical results. 
Therefore, the power control scheme considering cross-link interference management and duplexing flexibility needs to be studied. So, some power control scheme in LTE can be used as a starting point for study.
· Cross-link Coordinated Beamforming (CL-CBF)
CL-CBF can be utilized to relieve TRP-to-TRP interference and UE-to-UE interference especially in high frequency. The TRP or UE can use beamforming or precoding to suppress the cross-link interference from/to adjacent TRPs or UEs. For example, the beam of the uplink transmission in the UE should avoid directing to an adjacent UE which is receiving the downlink transmission at the same time and vice versa. 
In order to achieve the above target, the TRP or UE needs to identify the aggressors and get the interference/channel matrixes of them. This means that understanding how to measure between TRPs and UEs for CL-CBF is very important. Also, some assistance from the receiver should be further considered. 
Also, neighboring cells can exchange the beam direction in some time duration. Such as in order to support coordination within such beam clustering, enhancements of the existing CLI signaling over X2 interface can be considered.  Or it can be considered to broadcast the intended Tx (and/or Rx) beam directions to neighbor cells in a given time/frequency resource such that neighbor cells can manage its Tx/Rx beam directions to minimize inter-cell interference.
· Advanced receiver and non-orthogonal transmitter
The issue of cross-link interference is becoming the bottleneck restricting the duplexing flexibility performance. In LTE studies such as network assisted interference cancellation and suppression (NAICS) and multi-user superposition transmission (MUST) etc., advanced receivers are studied and are used for interference suppression when victim signal and aggressive signal are superimposed. In advanced receiver, such channel estimation algorithm as minimum mean square error interference rejection combining (LMMSE-IRC), maximum likelihood (ML), and iterative ML/R-ML etc can reduce the cross link interference of duplexing flexibility to some extent, however, the performance depends on the receive channel estimation algorithm. The timing alignment between DL and UL as well as the type of receivers should be designed to suppress the interference effectively and some methods to resolve this timing alignment can be seen in our companion contribution [4]. 
Also, in NR UL non-orthogonal multiple user access, advanced receivers combined with some data pre-treatment in the transmitter before data transmitted are also discussed, such as in some multiple access scheme, e.g. multi-user shared access (MUSA), sparse code multiple access (SCMA), and resource spread multiple access (RSMA) and so on. Hence, advanced receivers are more complex to overcome the multiple access (MA) signature (e.g., code, codebook, sequence, interleaver, etc) collision. The duplexing flexibility can also be seen as cross-link superposition transmission which is similar to the non-orthogonal multiple access.
Therefore, advanced receiver can be studied to suppress the interference of duplexing flexibility. However, considering the time limitation, the priority of advanced receiver should be lower compared to the other interference suppression schemes at present. 
Based on the analysis above, CLI technique may be different depending on the target scenarios. The different techniques are preferred depending on frequency bands. Such as for above 6GHz environment, CL-CBF should be considered as an efficient scheme. The interference sensing or measurement is a more suitable method to recognize the instantaneous CSI/CLI and then some scheduling adjustment or link adaptation can be adapted to mitigate the interference level. Therefore, we think it would be beneficial to have interference sensing or measurement based schemes with higher priority which can provide the simplest and most effective interference mitigation.  
Proposal 6: Power control, CL-CBF, and advanced receiver should also be studied for interference mitigation, but the priority can be lower than the interference sensing/measurement scheme. 
4 Conclusion
In this contribution, design aspect of duplexing flexibility operations and the interference mitigation techniques were discussed. The main proposals are summarized as follows.
Proposal 1: The assignment granularity of a mini-slot should also be considered for duplexing flexibility and different operation granularity can be adaptively changed according to different traffic requirements.
Proposal 2: A common DCI should be design for signaling the transmission direction dynamically.
Proposal 3: The resource assignment for each slot of a link needs to consider interference conditions.
Proposal 4: The scheduled data and ACK/NACK feedback time position should also be dynamically changed when the transmission direction is dynamically assigned. 

Proposal 5: A scheduling scheme or link adaptation combined with sensing or measurement results should be considered to avoid cross-link interference.
Proposal 6: Power control, cross-link coordinated beamforming (CL-CBF), and advanced receiver should also be studied for interference mitigation, but the priority can be lower than the interference sensing/measurement scheme. 
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