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1 Introduction

Coexistence of LAA with existing RATs on the unlicensed spectrum, as well as coexistence among LAA networks deployed by different operators, are two important design targets for LAA [1][2]. Adopting similar listen-before-talk procedure to Wi-Fi before accessing the channel has been proposed and testified to be an effective approach to guarantee fair coexistence with existing RATs on the unlicensed spectrum, however, the later design target of coexistence among LAA systems has not been fully discussed. 
In this contribution, we discuss the details of LAA-LAA coexistence, and address the need of coordination among LAA operators to improve spectrum efficiency.  
2 Discussion on LAA-LAA Coexistence
2.1 Downlink-Uplink Contention 
To avoid interference and collision, and to guarantee fair coexistence with other RATs on the unlicensed spectrum, listen-before-talk (i.e., a clear channel assessment (CCA) check before transmitting on a channel) is required to be implemented for both downlink and uplink. However, due to the nature of being a scheduling system, LTE downlink and uplink may not adopt the same type of LBT, or the same parameters in LBT. This asymmetry determines different abilities to capture the channel if one eNB and one UE perform their own LBT at the same time. In general, it is agreed that LAA uplink burst LBT can be more aggressive than LAA downlink burst LBT, e.g. smaller sensing duration, and smaller contention window size, then, uplink transmission may have higher chance to complete the LBT process and access the channel more easily. 
Another issue causing the asymmetry of downlink and uplink contention, except for LBT, is the number of nodes involved. In general, the number of served UEs is much higher than the number of eNBs. To this end, it is reasonable to see multiple UEs contend with one eNB for channel access at the same time in the network, if no coordination is performed among downlink and uplink. The advantage on the number of competitors may also lead to biased performance towards uplink against downlink. 

Downlink-uplink contention problem can take place for both intra-operator and inter-operator scenario, if no coordination is performed among cells within an operator and among cells belonging to different operators, correspondingly. Figure 1 illustrates an example of inter-operator downlink-uplink contention, where three UEs (i.e., UE1a, UE1b, and UE1c in blue) in operator 1 contend the channel with one eNB (i.e., eNB2 in red) in the other operator. Then, uplink transmission in operator 1 may have much higher chance to win the LBT process comparing to the downlink transmission in operator 2, which may lead to a performance bias between downlink and uplink from a long term observation. 
Observation 1: Inter-cell coordination should be considered for LAA to evade the downlink-uplink contention.
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Figure 1. Example of inter-operator downlink and uplink contention.

2.2 Inter-Cell Hidden Node Problem 

Another issue with the LAA is the increased chance for inter-cell hidden node problem, when uplink and downlink are both enabled in the network. Figure 2 illustrates such an example. UE1 is transmitting to eNB1, but it is out of the energy detection range of eNB2. After performing LBT, eNB2 can access the channel and start downlink transmission to UE2. Since UE2 is interfered by UE1’s uplink transmission, the performance of downlink transmission from eNB2 to UE2 can be dramatically degraded. Note that in this scenario, the two cells can belong to the same operator, and can also belong to different operators. In either case, the inter-cell hidden node problem can take place, if no coordination is performed between cells. 
Observation 2: Inter-cell coordination should be considered for LAA to alleviate inter-cell hidden node problem.
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Figure 2. Example of inter-cell hidden node problem.
2.3 Asynchronous Timing among LAA Systems 

For an asynchronous LAA network deployment, i.e., neighboring LAA cells are not synchronized in time, of which examples include multi-operators deployment scenario. The timing between cells at transmitters and receivers may not be aligned in SFN, radio frame, subframe or OFDM symbol. This misalignment can lead to performance bias towards LAA system with advanced timing against the one with late timing. In the worst case, this misalignment can even persistently prevent channel access for a LAA device with late timing. Figure 3 illustrates an example of CCA blocking from asynchronous neighboring cell belonging to another operator. Due to the late timing to perform CCA, UE in operator 2 may not detect the channel to be clean all the time. In this sense, transmission of the operator with advanced timing can block the transmission of the other operator with late timing. 
Coordination among cells can be performed to alleviate or solve the problem. For example, in one of our companion contributions [3], timing advance adjustment is utilized to randomize the starting point of uplink transmission, when the enhanced CAT-2 LBT procedure is adopted in LAA uplink. For another example, if CAT-4 LBT is utilized in LAA uplink before an uplink transmission burst, operators can introduce different extra CCA sensing slots in addition to the classical CAT-4 LBT procedure to introduce randomness on the transmission starting instant.
Note that the timing misalignment can also be combined with previous issues (e.g. downlink-uplink contention, and hidden node problem) in LAA network, such that the whole system is more biased towards particular cells, particular operators, or particular direction of transmissions.

Observation 3: Inter-operator coordination should be considered for LAA to alleviate issues caused by asynchronous timing between operators.
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Figure 3. Example of inter-operator blocking due to asynchronous timing.
Based on the observations, we have the following proposal: 

Proposal: Inter-cell coordination (for both inter-operator and intra-operator) should be considered for LAA to guarantee better performance for LAA-LAA coexistence.

3 Conclusion

Based on the discussion above, we have the following observations and proposal:
Observation 1: Inter-cell coordination should be considered for LAA to evade the downlink-uplink contention.

Observation 2: Inter-cell coordination should be considered for LAA to alleviate inter-cell hidden node problem.

Observation 3: Inter-operator coordination should be considered for LAA to alleviate issues caused by asynchronous timing between operators.

Proposal: Inter-cell coordination (for both inter-operator and intra-operator) should be considered for LAA to guarantee better performance for LAA-LAA coexistence.
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