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1. Introduction

In TS36.889 [1], the design targets of the LAA system have been specified, which include
· A single global solution framework allowing compliance with any regional regulatory requirements.
· Effective and fair coexistence with Wi-Fi.

· Effective and fair coexistence among LAA networks deployed by different operators.
Based on above design targets, at least the following functionalities are required for an LAA system [1]:
· Listen-before-talk (Clear channel assessment, CCA)
· Discontinuous transmissions on a carrier with limited maximum transmission duration

· Dynamic frequency selection for radar avoidance in certain bands/regions

· Carrier selection

· Transmit Power Control

Although LBT and discontinuous transmissions should be adopted to mitigate interference between an LAA system and a WiFi system, a new sort of hidden terminal problem is created particularly for LAA. In this contribution, we consequently elaborate such a hidden terminal problem and propose potential solutions to alleviate this problem.

2. Hidden Terminal Problem in LAA-WiFi Coexistence 
 To mitigate interference between an LAA network and a WiFi network, an LAA transmitter needs to perform LBT to identify interference before transmitting data. If interference is detected via LBT, it suggests that there may be a WiFi transmitter generating interference, and such interference may potentially impact the data reception at the LAA receiver side. If there is a WiFi transmitter generating interference, it may also suggest that there is a WiFi receiver located nearby. As a result, if interference is detected by an LAA transmitter, the LAA transmitter shall not transmit data to avoid interference to a potential WiFi receiver and avoid interference from a WiFi transmitter colliding with the data reception at the LAA receiver. However, these foundations of the LBT operations may not provide an interference-free channel between an LAA transmitter and an LAA receiver.

· An LAA transmitter suffering from interference may not suggest that the corresponding LAA receiver also suffers from interference. As shown in Fig. 1, since an LAA transmitter and the corresponding LAA receiver are geometrically separated, when interference is detected by an LAA transmitter, the corresponding LAA receiver may not suffer from the same level of interference. In this case, even though an LAA transmitter detects interference, transmissions from this LAA transmitter may also be successfully received by the LAA receiver. Although LBT may avoid interference from the LAA transmitter to a potential WiFi receiver, it may be too conservative for LAA communications.
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Fig. 1. When an LAA transmitter detects interference from a WiFi system via LBT, it may suspend data transmissions. However, it does not suggest that the corresponding LAA receiver also suffers from the same level of interference. 

· An LAA transmitter enjoying no interference may not suggest that there is also no interference at the corresponding LAA receiver side. As shown in Fig. 2, when an LAA transmitter detects no interference via LBT, the corresponding LAA receiver may however suffer from severe interference. In this case, the LAA receiver may not correctly receive data and will not report the ACK (or, will report NACK) to the LAA transmitter.
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Fig. 2. When an LAA transmitter detects no interference via LBT, it may proceed to data transmissions. However, the corresponding LAA receiver may suffer from severe interference. 

· No interference at the LAA receiver side does not suggest no interference at the LAA transmitter side. When an LAA receiver successfully receives data, it may feed an ACK back to the LAA transmitter without using LBT. However, an LAA transmitter may suffer from interference at this moment, and thus the ACK transmitted via the unlicensed band may not be correctly received by the LAA transmitter. In this case, the LAA transmitter may resend the packet, which may potentially waste bandwidth. An alternative solution is that the LAA receiver reports the ACK via the licensed band when data is corrected received. However, for the LAA deployment Scenario 1 in [1], the ACK received by a macrocell eNB may be forwarded via backhaul to a small cell, which may invoke large latency in data exchanges.
Due to the hidden terminal problem, the interference level at the LAA transmitter side may not be equal to the interference level at the LAA receiver side. Even though using LBT at the LAA transmitter, the LAA receiver may probably not be able to receive data correctly. On the other hand, after transmitting data, the LAA transmitter may probably not be able to receive the ACK on time, while this case does not suggest that the LAA receiver fails in receiving data. 
Observation 1. Even though using LBT at the LAA transmitter side, the inherent nature that the interference level at the LAA transmitter side may not be equal to the interference level at the LAA receiver side is still not able to be avoided.


3. Solutions to Alleviate the Hidden Terminal Problem 
To provide a reliable communication, an LAA transmitter needs to capture the time moments when the LAA receiver suffers no interference. However, due to adopting LBT, an LAA transmitter is allowed to transmit data only if it suffers no interference. As a result, an LAA transmitter needs to capture the time moments when both the LAA transmitter and the LAA receiver suffer no interference. As shown in Fig. 3, due to the hidden terminal problem, the times of interference occurrences at the LAA transmitter and the LAA receiver may not be synchronous. By adopting LBT, an LAA transmitter transmits data once it suffers no interference regardless of the interference level at the LAA receiver, as shown in Fig. 4. If the LAA receiver fortunately suffers no interference, then the LAA transmitter blindly capture the time moments when both the LAA transmitter and the LAA receiver suffer no interference. However, if the LAA receiver unfortunately suffer strong interference, communications may fail. As a result, for adopting LBT only, communications may be extremely unreliable.      
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Fig. 3. The times of interference occurrences at the LAA transmitter and the LAA receiver may not be synchronous. 
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Fig. 4. By adopting LBT only, an LAA transmitter transmits data once it suffers no interference regardless of the interference level at the LAA receiver. 

For the purpose that an LAA transmitter is able to capture the time moments when both the LAA transmitter and the LAA receiver suffer no interference (specifically, the time instants when both the LAA transmitter and the LAA receiver suffer no interference on the DL channel for the FDD operation), an LAA receiver may inform the corresponding LAA transmitter about the time instants when it suffers no interference. For the FDD operation, an LAA receiver may perform CCA to detect interference at the DL channel. If the DL channel is sensed to be clear, an LAA receiver is able to send a signal to inform the LAA transmitter about the time instant of a clear channel. Such clear channel signalling can be sent via the licensed band or the unlicensed band. However, if the LAA deployment Scenario 1 is adopted, such clear channel signalling should pass through the backhaul link. The latency may be too large to immediately capture the time instant without interference. Thus, a possible solution lies in reporting such clear channel signalling via the unlicensed band (assigned to be the UL channel). 

Proposal 1. To detect the time instants without interference, an LAA receiver may perform CCA on the unlicensed DL channel.

Proposal 2. If a clear channel (the time instants) without interference can be identified via CCA performed by an LAA receiver, the LAA receiver may send a signal via the UL unlicensed channel to notify the LAA transmitter. 

The radio resources to perform CCA at the LAA receiver side may be allocated/scheduled by the eNB. A possible scheme is illustrated in Fig. 5. In Fig. 5, the radio resources for performing CCA are present periodically, except the radio resources scheduled for data reception. If the channel is sensed to be clear during the time of CCA, a notification is sent to the LAA transmitter after the CCA. The eNB may dynamically reduce the CCA period (increase the amount of CCA) to capture scarce time instants without interference when the LAA receiver suffers severe interference, or increase the CCA period (decrease the amount of CCA) when the interference activity at the LAA receiver is low, to alleviate the signaling overheads. The clear channel reporting signals can be dummy signals. They can also carry information of ACK/NACK for previous data transmissions, CSI, PMI, etc, to fully utilize the radio resources. 
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Fig. 5. The radio resources for performing CCA are present periodically at the DL channel, except the radio resources scheduled for data reception. If the channel is sensed to be clear during the time of CCA, a notification is sent to the LAA transmitter via the UL channel after the CCA.
Proposal 3. The radio resources for performing CCA as well as reporting the clear channel signals can be allocated/scheduled by the eNB. 

When an LAA transmitter correctly receives a clear channel reporting signal at the UL channel, it suggests (a) the time instant without interference at the LAA receiver side on the unlicensed DL channel, and (b) the time instant without interference at the LAA receiver side on the unlicensed UL channel (thus the LAA transmitter is able to correctly receive a clear channel reporting signal). Since an LAA transmitter is able to perform LBT on the unlicensed DL channel, based on the clear channel reporting signal, the LAA transmitter is able to identify the joint time instants of low interference activity (i) on the unlicensed DL channel at the LAA transmitter side, (ii) no interference on the unlicensed UL channel at the LAA transmitter side, and (iii) no interference on the unlicensed DL channel at the LAA receiver side.
Please note that, although the LAA transmitter is able to identify the joint time instants of low interference activity at the LAA transmitter side and at the LAA receiver side, it may be a challenge to fully utilize these interference-free time instants. The reason is three-fold. First, even though the LAA receiver is able to identify an interference-free time instant on the unlicensed DL channel, it may not reserve this time instant via, for example, sending a reservation signal on the unlicensed DL channel to occupy the time instant. Second, even though the LAA receiver is able to send a reservation signal on the unlicensed DL channel to occupy an interference-free time instant, it shall notify the LAA transmitter about its channel occupation. Then, there should be a perfect time instant, at which the LAA transmitter starts transmitting data while the LAA receiver switches its radio from transmitting reservation signals to receiving data. This scheme may be complicated in practice. Third, even though the LAA receiver is able to identify an interference-free time instant on the unlicensed DL channel, and notifies the transmitter immediately, interference may occur at the LAA receiver side when the LAA transmitter subsequently performs CCA and starts data transmissions. 
Nevertheless, the provided proposals offer a mechanism for an LAA transmitter to identify the fraction of time without interference at both the LAA transmitter and the LAA receiver. Based on this mechanism, the LAA transmitter is able to decide the transmission scheme to enhance reliability against interference. For example, the LAA transmitter may interleave the data transmissions to avoid continuous interference. The provided mechanism boosts the LAA transmitter to decide the adequate interleaving distance of data transmissions. For instance, if interference occurs sparsely, the LAA transmitter may reduce the interleaving distance. On the other hand, if interference occurs frequently, the LAA transmitter may increase the interleaving distance. The LAA transmitter may also perform transmission repetition to enhance the reliability. If interference occurs sparsely, the LAA transmitter may reduce the amount of transmission repetitions in the time domain. If interference occurs frequently, the LAA transmitter may increase the amount of transmission repetitions to provide diversity.
Observation 2. The hidden terminal problem may not able to be fully avoided, while it may be alleviated.

Proposal 4. Further transmission schemes may be designed for an LAA transmitter to enhance the communication reliability on the unlicensed band based on the provided mechanism.

4. Conclusion  
In this contribution, we discuss the LAA-WiFi hidden terminal problem, and provide the mechanism with the following proposals. Based on those, we may design further schemes to alleviate such hidden terminal problem.
Proposal 1. To detect the time instants without interference, an LAA receiver may perform CCA on the unlicensed DL channel.
Proposal 2. If a clear channel (the time instants) without interference can be identified via CCA performed by an LAA receiver, the LAA receiver may send a signal via the UL unlicensed channel to notify the LAA transmitter. 

Proposal 3. The radio resources for performing CCA as well as reporting the clear channel signals can be allocated/scheduled by the eNB. 

Proposal 4. Further transmission schemes may be designed for an LAA transmitter to enhance the communication reliability on the unlicensed band based on the provided mechanism.
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