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1 Introduction
The use of dynamic TDD where the direction of transmission is not fixed on any resource in a static or semi-static manner is expected to cause so-called cross-link interference where the dominant interference for a transmission in one direction (e.g., downlink) is caused by another transmission in the other direction (e.g., uplink). The mitigation of such interference has been discussed in the past few meetings. In RAN1#87, for managing the cross-link interference that may potentially limit the benefits of dynamic TDD, multiple schemes were identified as per the following agreement [1].

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 

In the last NR Adhoc meeting, the following conclusion was reached [2].
Conclusion:

· Companies shall provide the following information in RAN1#88 for analyzing interference mitigation schemes for TRP-to-TRP and/or UE-to-UE cross-link interference

· Gains provided by the considered interference mitigation scheme

· Potential specification impacts (not limited to RAN1) of the considered interference mitigation scheme

In this contribution we discuss some simple coordination schemes that can provide significant benefits in performance by mitigating cross-link interference. The effectiveness of these schemes in a dense urban environment is discussed. It is shown that the most promising schemes involve coordination of scheduling direction between different base stations in load regions where the cross-link interference starts to degrade performance and coordination between co-located cells.
2 Discussion
The interference management schemes that have been discussed for cross-link interference mitigation may roughly be classified as follows. The first category of schemes attempts to avoid such cross-link interference by coordinating transmissions between different nodes. Such coordination may be achieved either by communication between nodes over the backhaul or by some over-the-air signaling and measurements between the nodes. The second category of schemes attempts to cancel the cross-link interference using advanced receiver processing. 
It is worth noting that fully dynamic TDD where each minimum schedulable resource unit can be allocated either transmission in any direction is mainly beneficial in scenarios where the interference from gNBs and UEs is not too dissimilar. Indoor hotspot scenarios therefore are the most promising environments where dynamic TDD is expected to yield benefits. Cross-link interference mitigation for Indoor Hotspot environments is discussed in [4]. 

Dynamic TDD is also being considered for environments with macro cells. The performance of dynamic TDD and other variants has been studied for the Dense Urban environment [3]. The results show that a dominant source of cross-link interference in the macro layer in dense urban environments is intra-site cross-link interference. This was shown in [5] where a couple of interference mitigation schemes were considered. The first of these schemes uses dynamic TDD, but with intra-site coordination between co-located macro cells so that the macro cells at the same site do not transmit and receive simultaneously. The coordination is performed by operating dynamic TDD in a macro cell unless there is traffic in opposite directions to be scheduled in the macro cells at the same site, in which case, the macro cell is switched to a fixed TDD scheme with a fixed DL:UL ratio. The DL:UL ratio used is the same for all macro cells in the network. The second scheme does the same with the addition of ideal interference cancellation to remove the interference from the two macro cells from two neighboring sites that are directly pointed towards the desired macro cell. It was shown in [5] that cross-link interference occurs more often on the uplink than on the downlink since the probability that there is another UE transmitting and causing significant interference when the desired UE is receiving is smaller than the probability that another base station is transmitting and causing significant interference when the desired base station is receiving on the uplink. It was also shown that using intra-site coordination significantly limits the cross-link interference thus indicating that a large part of the cross-link interference comes from co-located macro cells. It was also observed that the addition of ideal interference cancellation of interference from two neighboring cells does not result in a dramatic reduction in cross-link interference. 
These conclusions were further corroborated by the evaluations in [3], which showed that the use of intra-site coordination allows dynamic TDD operation in the macro layer to outperform static TDD at all load points of interest. They also showed that while use of ideal interference cancellation, in addition, can provide some gains, most of the gain is already achieved by using intra-site coordination. Furthermore, it was noted that the interference of the two dominant interferers from the neighboring cells were modeled as being perfectly cancelled. In practice, this will surely not be the case and the additional gains over and above the use of intra-site coordination will be lower. It should also be noted that interference cancellation at the UE will incur additional complexity at the UE and may require additional signaling or at the very least impose design constraints, such as using a common RS for downlink and uplink transmissions.

The evaluations and discussion considered only a single carrier for the whole network. When the macro cells in a site are supporting multiple carriers, it will likely be necessary for intra-site coordination to occur between carriers as well so that transmission directions are aligned across all co-located cells and carriers. This will likely reduce the gains of using dynamic TDD with intra-site coordination in comparison to static TDD, although it is still expected that dynamic TDD with intra-site coordination will outperform static TDD. Considering all of the above, we can make the following observations.

Observation: 
· Hybrid dynamic and static TDD at macro cells with intra-site coordination of macro cells can significantly limit cross-link interference in macro environments and yield better performance than using static TDD.
· Additional benefits due to interference cancellation are not as significant as the benefits from applying intra-site coordination. Such gains should be evaluated further under practical situations and the additional computational complexity and potential overhead should be discussed before considering any design choices directed towards enabling such interference cancellation.
The dense urban scenario also includes a layer of micro base stations operating at 30 GHz. As the evaluations in [3] showed, the deleterious effects of cross-link interference are much more benign for the micro-cell layer and dynamic TDD without any cross-link interference mitigation techniques performs reasonably well although there are certain cases where there are some slight losses at high loads as compared to static TDD. Three types of cross-link interference mitigation schemes were considered in [5]. The first is a hybrid dynamic and static TDD scheme that switches from dynamic TDD to a static TDD scheme whenever the buffer contains traffic for both the downlink and uplink. The DL:UL ratio is matched to the long term traffic characteristics. Each cell decides on when to switch between dynamic and static TDD independently. When static TDD is operated, the DL and UL slots are aligned for all cells. The second and third cases employ DL and UL LBT at the micro cells and the UEs respectively in conjunction with dynamic TDD. It was shown that the hybrid dynamic and static TDD scheme can significantly limit cross-link interference while the LBT schemes do not reduce cross-link interference to the same extent. Based on the above, we observe the following.
Observations: 

· Dynamic TDD yields significant gains in scenarios the micro layer at low to medium loads even without any interference mitigation mechanism. 

· Hybrid Dynamic and Static TDD at micro cells can yield significant performance improvements over static TDD at all load points of interest.
· DL and UL LBT do not provide any benefits and can cause performance degradation.
Considering the above discussion and the evaluation results in [5][6], it is clear that performance enhancements can be obtained by managing cross-link interference simply by transitioning from dynamic TDD to static TDD under certain conditions. A simple method to achieve this is to switch to static TDD when there is traffic in opposite directions to be scheduled in the cell or at any of the co-located cells. The DL:UL ratio used for static TDD is aligned across all the cells in the network and the timing of the DL and UL slots is aligned as well. The choice of the DL:UL ratio can be adapted slowly based on the long term traffic characteristics. These gains can be realized simply by implementation in an operator’s network without the need for any specification impact. Considering the above, we conclude the following.

Conclusion: The following method can be used for cross-link interference mitigation in NR when traffic characteristics at all nodes in the network are similar
· Hybrid dynamic and static TDD, where dynamic TDD is used unless there is traffic in opposite directions to be scheduled in the cell or at any of the co-located cells, in which case, the all the co-located cells are switched to a fixed TDD scheme with a fixed DL:UL ratio. 
· The DL:UL ratio is adapted slowly to the long term traffic characteristics of the network
· The DL:UL ratio used is the same for all cells in the network.
The table below captures the gains with respect to dynamic TDD for each of the considered cross-link interference mitigation schemes for the dense urban scenario.

	DL/UL traffic ratio
	Interference mitigation scheme
	Gain in DL Throughput (%)

	
	
	Low load
	Medium load
	High load

	
	
	Mean
	5th %ile
	Mean
	5th %ile
	Mean
	5th %ile

	1:1
	Distributed Hybrid TDD with intra-site coordination
	  -13.29
	-11.34
	  142.39
	  142.39
	  29.42
	110.18

	
	Distributed hybrid TDD with intra-site coordination and ideal IC of 2 interferers
	  -7.38
	-3.52
	  150.56
	  150.56
	  31.83
	107.09

	4:1
	Distributed Hybrid TDD with intra-site coordination
	  1.00
	12.13
	  39.28
	142.75
	  46.53
	215.20

	
	Distributed hybrid TDD with intra-site coordination and ideal IC of 2 interferers
	  5.08
	14.54
	  46.37
	187.85
	  50.32
	187.92


Table 1: Gains with respect to dynamic TDD for each of the considered cross-link interference mitigation schemes for the DL in the macro layer at 4GHz 

	DL/UL traffic ratio
	Interference mitigation scheme
	Gain in DL Throughput (%)

	
	
	Low load
	Medium load
	High load

	
	
	Mean
	5th %ile
	Mean
	5th %ile
	Mean
	5th %ile

	1:1
	Distributed Hybrid TDD with intra-site coordination
	  23.87
	99.30
	  658.82
	4301.09
	  127.86
	391.98

	
	Distributed hybrid TDD with intra-site coordination and ideal IC of 2 interferers
	  38.97
	138.84
	  778.78
	7423.84
	  137.64
	372.65

	4:1
	Distributed Hybrid TDD with intra-site coordination
	  40.87
	165.69
	  171.84
	1167.51
	  -5.03
	528.36

	
	Distributed hybrid TDD with intra-site coordination and ideal IC of 2 interferers
	  74.28
	402.49
	  244.27
	2140.10
	  -6.78
	666.85


Table 2: Gains with respect to dynamic TDD for each of the considered cross-link interference mitigation schemes for the UL in the macro layer at 4GHz 

	DL/UL traffic ratio
	Interference mitigation scheme
	Gain in DL Throughput (%)

	
	
	Low load
	Medium load
	High load

	
	
	Mean
	5th %ile
	Mean
	5th %ile
	Mean
	5th %ile

	1:1
	Distributed Hybrid TDD
	  2.51
	6.42
	  14.51
	27.80
	  24.43
	2.83

	
	DL LBT
	  -12.19
	-15.63
	  -17.69
	-25.15
	  -20.54
	-10.91

	
	UL LBT
	  -1.64
	1.50
	  -6.81
	-12.04
	  -0.64
	-11.76

	4:1
	Distributed Hybrid TDD
	  0.96
	-8.17
	  4.14
	0.12
	  12.92
	16.82

	
	DL LBT
	  -12.94
	-30.75
	  -19.40
	-26.79
	  -18.18
	-10.08

	
	UL LBT
	  -0.66
	-11.64
	  -2.16
	-15.29
	  -2.43
	-19.05


Table 3: Gains with respect to dynamic TDD for each of the considered cross-link interference mitigation schemes for the DL in the micro layer at 30GHz 

	DL/UL traffic ratio
	Interference mitigation scheme
	Gain in DL Throughput (%)

	
	
	Low load
	Medium load
	High load

	
	
	Mean
	5th %ile
	Mean
	5th %ile
	Mean
	5th %ile

	1:1
	Distributed Hybrid TDD
	  4.85
	4.96
	  38.08
	192.50
	  51.07
	20.14

	
	DL LBT
	  -4.50
	-5.68
	  -8.95
	3.01
	  -10.59
	7.72

	
	UL LBT
	  -12.56
	-28.59
	  -24.53
	-4.35
	  -21.21
	-4.76

	4:1
	Distributed Hybrid TDD
	  2.15
	26.20
	  15.82
	73.82
	  47.99
	113.08

	
	DL LBT
	  -8.83
	-4.68
	  -13.51
	-14.04
	  -6.01
	11.50

	
	UL LBT
	  -17.50
	-13.96
	  -21.26
	-17.58
	  -19.28
	-30.82


Table 4: Gains with respect to dynamic TDD for each of the considered cross-link interference mitigation schemes for the UL in the micro layer at 30GHz 

The table below captures the specification impact of the considered cross-link interference mitigation schemes for the macro layer at 4 GHz.

	Interference mitigation scheme
	Specification impact

	Distributed Hybrid TDD with intra-site coordination
	None

	Distributed Hybrid TDD with intra-site coordination and ideal interference cancellation of 2 interferers
	IC of 2 interferers may need the RS of interfering node to be known. This has greater spec impact for the DL than the UL


Table 5: Gains with respect to dynamic TDD for each of the considered cross-link interference mitigation schemes for the DL

The table below captures the specification impact of the considered cross-link interference mitigation schemes for the micro layer at 30 GHz.

	Interference mitigation scheme
	Specification impact

	Distributed Hybrid TDD
	None

	DL LBT
	Specification of LBT scheme including energy detection threshold

	UL LBT
	Specification of LBT scheme including energy detection threshold


Table 6: Gains with respect to dynamic TDD for each of the considered cross-link interference mitigation schemes for the DL

3 Conclusions
We discussed cross-link interference management and made the following observations.

Observation: 

· Hybrid dynamic and static TDD at macro cells with intra-site coordination of macro cells can significantly limit cross-link interference in macro environments and yield better performance than using static TDD.

· Additional benefits due to interference cancellation are not as significant as the benefits from applying intra-site coordination. Such gains should be evaluated further under practical situations and the additional computational complexity and potential overhead should be discussed before considering any design choices directed towards enabling such interference cancellation.

· Dynamic TDD yields significant gains in scenarios the micro layer at low to medium loads even without any interference mitigation mechanism. 

· Hybrid Dynamic and Static TDD at micro cells can yield significant performance improvements over static TDD at all load points of interest.

· DL and UL LBT do not provide any benefits and can cause performance degradation.
Based on the discussion in the contribution and the associated evaluations in [5], the following was concluded.
Conclusion: The following method can be used for cross-link interference mitigation in NR when traffic characteristics at all nodes in the network are similar
· Hybrid dynamic and static TDD, where dynamic TDD is used unless there is traffic in opposite directions to be scheduled in the cell or at any of the co-located cells, in which case, the all the co-located cells are switched to a fixed TDD scheme with a fixed DL:UL ratio. 
· The DL:UL ratio is adapted slowly to the long term traffic characteristics of the network
· The DL:UL ratio used is the same for all cells in the network.
The specification impacts of the evaluated cross-link interference mitigation schemes were summarized.
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