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1 Introduction
During the NR study item, it was included that “NR supports … TDD operation on an unpaired spectrum where the transmission direction of most time resources can be dynamically changing. DL and UL transmission directions at least for data can be dynamically assigned on a per-slot basis at least in a TDM manner.’’. At RAN#75 [1], according to the outcome of the study item, the NR should specify the enablers for interference management mechanisms for handling cross-link interference.
In this paper, we will analyze the general characteristics of cross-link interference and discuss the hybrid TDD solution for cross-link interference management.
2 Discussion on Cross-link Interference

Dynamic TDD is considered as one technical means to improve system performance by fully utilizing spectrum regardless of transmission direction under some specific conditions. It is also more suitable for small cell scenarios. However, strong cross-link interference can occur due to a different transmission direction choice in neighboring cells. This would be problematic if the cross-link interference is far exceeding wanted signal level. There have been many proposals to tackle these issues in a study item phase, and they mainly require measurement procedures to estimate interference links or heavy signaling between TRPs to exchange information. 

In principle, more coordination or measurements will give more performance benefits. However, this will increase implementation complexity, and there will be also impairment involved in real system implementation for fast coordination and measurements, e.g., channel estimation errors or backhaul coordination delay.  Instead, it is always desirable to start with simple solutions which is implementable in real networks. 

For developing simple cross-link management schemes, we first need to understand in which cases the cross-link interference is critical to seriously harm system-level performance. In general, there are two different probabilities which make cross-link interference give an impact:

· The cross-link transmission probability that the selected transmission directions among neighboring TRPs at a given scheduling instance are opposite

· The cross-link interference dominance probability that the cross-link interference dominates the overall aggregate interference
The first one is mainly the function of a scheduler type and the buffer status, i.e., the presence of traffic for scheduling in a given direction. The second one involves many aspects including the locations of cross-link interferers and victim receivers, transmit power, beamforming of the interferer, and the level of overall aggregate interference. At the end, the actual system level performance will be affected by the joint probability of these two components. In other words, the very high cross-link transmission probability does not mean cross-link interference is high. For instance, as illustrated in Figure 1, a victim receiver UE1 in downlink can be dominated by interference from TRP2 in downlink than interference from UE3 in uplink since UE3 is relatively further away from UE1 than TRP2. It should be noted that this is not so uncommon in a real network where users are distributed over three-dimensional space. 
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Based on this analysis, we have a following observation on cross-link interference:

From this analysis, we can have a following observation on the characteristic of cross-link interference. 
Observation 1: The presence of cross-link interference does not mean very high aggregate interference. The impact of cross-link interference will depend on the locations of victims and interferers as well as the level of overall aggregate interference.
3 Hybrid TDD scheme
As we discussed, not every cross-link transmission will cause significant interference rise. Nevertheless, the cross-link interference management might be still needed in order to make NR system robust when dynamic TDD operation is used in some relevant deployment scenarios. In particular, the small cell scenarios are of interest. More discussion on scenarios where dynamic TDD is most relevant can be found in the other contribution [3]. In this section, we discuss a CLI mitigation scheme based using a hybrid TDD approach in small cell scenarios in more detail for which we already presented its performance benefits in previous contributions [4]
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 \* MERGEFORMAT [5] and suggest the design principles of potential enablers for cross-link interference management. 

The main principle of hybrid TDD based approach is having a dynamic TDD as a default operation in order not to have any restriction of resource allocation for any traffic direction. Then, the TDD mode is switched to a static TDD if the performance loss due to cross-link interference is more than gain of full dynamic TDD operation. This means the mode switch can be adaptive depending on a network situation. One simple trigger for the mode switch is the presence of mixed traffic. At a given cell, if both downlink and uplink traffic exists, the static TDD mode is applied. At this point, the static TDD mode uses preconfigured DL:UL slot allocation pattern which can be common for all different TRPs. The common configuration is needed in order to align scheduling direction to minimize cross-link interference. As soon as the mixed traffic disappears, the mode will be switched back to the dynamic TDD so that unidirectional traffic fully utilizes whole time slots without waste of dedicated slots for the other traffic direction. 
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As illustrated in Figure 2-(a), this hybrid TDD mode will give almost similar performance as dynamic TDD if the probability that the mixed traffic is present at a given cell is low, e.g., low file arrival rate. In the other case where the probability that the mixed traffic is present is high, the cell will use the static TDD mode to minimize cross-link interference generation. In this scenario, if the neighboring cells are also likely to be at high load, the interfering neighboring cells will align transmission direction as shown in Figure 2-(c) so that cross-link interference will be reduced. Without hybrid TDD, the transmission direction is purely up to an individual scheduler decision without considering a static TDD pattern so that uncoordinated cross-link interference appears to degrade system performance as presented in  Figure 2-(b). 

It is worthwhile to be noted that the mode switch decision is fully in an individual cell level without inter-cell signaling and without any channel measurements but only based on buffer status in a given cell. Therefore, one of main advantage of the hybrid TDD is a fully distributed solution. Another strength is the mode switch can be very fast since it is purely based on a local decision. In general, the inter-cell signaling based coordination scheme typically has backhaul delay and processing delay in upper layers for information exchange. Also, the hybrid TDD does not rely on channel measurement but only needs buffer status information which is very unlikely to have estimation errors. It is very well known that the channel estimation errors due to very dynamic channel conditions or processing delay will cause significant performance loss. Nevertheless, this hybrid TDD requires synchronization among TRPs in order to make transmission direction alignment. This issue already existed even in LTE static TDD so that the synchronization problems were tackled by different means. Although this scheme can work in practice without specification impact, it needs to be enhanced further in other scenarios, e.g., non-uniform traffic distributions. 
In summary, we have the following observations of the hybrid TDD as strong advantages:

Observation 2: Hybrid TDD has the following advantages for cross-link interference management:

· Hybrid TDD does not require frequent information exchange between nodes or cells.
· Hybrid TDD does not require measurements of interfering links which can have potential estimation errors and instead, it is only based on reliable buffer status information.
· Hybrid TDD allows a very quick TDD mode switch at a scheduling level without the involvement of any upper layer signaling.
· Hybrid TDD can be implemented without specification impact at least in small cell scenarios where dynamic TDD is most useful.
· Hybrid TDD is very simple to implement is a real network. 
4 Conclusions

In this contribution, we analyze the general characteristics of cross-link interference in order to understand needs of enablers for cross-link interference management and discuss the robust and simple hybrid TDD solution. Based on the observations, we conclude the following on the hybrid TDD:

Conclusion: The hybrid TDD solution is a robust and simple scheme which fully exploits the benefit of using dynamic TDD with sufficient cross-link interference management to operate in various load ranges. 

We therefore propose the following:

Proposal: Hybrid TDD should be supported for NR cross-link interference management.
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Figure � SEQ Figure \* ARABIC �1� An example that cross-link interference is not an issue in a dynamic TDD from UE 1 perspective





Figure � SEQ Figure \* ARABIC �2� Comparison between hybrid TDD and dynamic TDD in different load scenarios








