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1 Introduction

In RAN1 ad-hoc meeting, following items have been agreed for LAA [1].

· Enabling frequency reuse for transmission by neighbour LAA cells of the same operator is one target of LAA design

· Above should be taken into account for design of LBT
In addition, following conclusion has been made in RAN1#80-bis meeting [2].
· At least the following options can be further studied to enable improved freq. reuse for LBE for DL LAA
1 CCA threshold adaptation

2 Tx start timing alignment

3 Signal subtraction from ED or modified ED
4 Combination of those options or other alternatives are not precluded.

In legacy LTE specification for licensed bands, several schemes have been considered for enabling frequency reuse among neighbouring cells, thus frequency reuse in licensed bands was possible. However, LBT requirements for LAA made a new problem for frequency reuse in unlicensed bands. Some possible solutions have been proposed, but they also contain problems which seem to be hard to resolve.
In this contribution, we discuss on frequency reuse for LAA.
2 Discussion on frequency reuse for LAA
An example of problem on frequency reuse for LAA is described in Figure 1. LAA1 and LAA2 are neighbouring cells and each cell performs LBT procedure independently. With assumption of LBE, ignoring initial CCA or defer period for simple explanation, LAA1 cell picks the random back-off value of 3 while LAA2 cell picks 5. When a CCA slot is empty, each cell reduce its count by 1, and eventually LAA1 reaches count 0 faster than LAA2. LAA1 starts to transmit its data meanwhile LAA2 cell will be blocked by transmission of LAA1 cell. After the data transmission, LAA1 will newly pick a back-off counter 4 while LAA2 resumes countdown from 3. In this case, LAA2 reaches count zero first and transmit data. LBT countdown and corresponding data transmission of LAA1 cell will be blocked, thus frequency reuse is not possible.
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Figure 1 – Problem on frequency reuse for LAA
To resolve above problem, several possible solutions have been proposed. Two representative schemes are back-off counter sharing between LAA cells and applying adaptive CCA threshold for LAA. 
· Back-off counter sharing
The basic idea of this method is to share the same back-off counter among neighbouring cells. By sharing the same back-off counter, maybe through X2 interface, it tries to avoid blocking of neighbouring cells by transmission of one cell. However, it also contains some problems even if back-off counter sharing is possible. 
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Figure 2 – Problem on frequency reuse with back-off counter sharing 1
Figure 2 describes a possible problem which occurs even with supporting of back-off counter sharing. Both cells utilize the same back-off counter 3 and transmit data in the same time. However, length of data transmission could be different, and data transmission of LAA2 could be finished earlier than LAA1 transmission. After finishing its transmission, LAA2 may need to transmit another data which is just arrived on its queue while the transmission of LAA1 cell continues. Since data transmission of LAA1 cell occupies the carrier, data transmission and CCA countdown of LAA2 cell will be blocked. This will cause inefficient resource utilization for LAA2 because of frequency reuse. 
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Figure 3 – Problem on frequency reuse with back-off counter sharing 2
Another problem on frequency reuse even with back-off counter sharing is shown in Figure 3. LAA1 and LAA2 cells use the same back-off counter, and start their countdown according to the result of CCA. During the countdown, LAA2 may detect presence of Wi-Fi1 which is neighbour to LAA2 while it does not detected by LAA1. The Wi-Fi1 will pause the countdown of LAA2 meanwhile countdown of LAA1 will continue. When count becomes zero, LAA1 cell will start to transmit data and transmission period could be much longer than that of Wi-Fi network. LAA2 cell would try to continue its CCA process but it will be blocked by transmission of LAA1 cell. Consequentially, even if the same back-off counter is shared between neighbouring LAA cells, presence of interferers could make differences on countdown status, thus it will eventually cause failure of frequency reuse for LAA. 
Observation 1: Back-off counter sharing does not guarantee frequency reuse for LAA
· Adaptive CCA threshold
An adaptive CCA threshold means employing different detection thresholds for LAA and Wi-Fi. To ensure fair coexistence with Wi-Fi, relatively lower detection threshold could be used. On the other hands, interference handling techniques embedded in LTE specification could provide robustness for neighbouring LAA cell’s signal, thus detection threshold for LAA signal could be increased. 

An example of adaptive CCA threshold adaptation is described in Figure 4. LAA1 cell is neighbour with Wi-Fi1 and LAA2. In the figure, a solid line draws a coverage of the cell while a dotted line represents LBT coverage of each cell. Adaptive CCA threshold makes different LBT coverage for LAA and Wi-Fi. Applying lower detection threshold makes larger LBT coverage and vice versa. In the example, LAA1 could detect Wi-Fi1 network due to lower detection threshold and corresponding larger LBT coverage for Wi-Fi, thus it could fairly share spectrum with Wi-Fi1. On the other hands, higher detection threshold for LAA reduces LBT coverage for LAA, so LAA1 will not detect LAA2 cell. Therefore, LAA1 cell could reuse frequency with LAA2 while fairly coexist with Wi-Fi1. 
With adaptive CCA threshold, frequency reuse for LAA seems to be possible. However, precondition of adaptive CCA threshold is an ability to identity signal which cannot be done with the conventional energy detection method. In Figure 4, LAA1 started countdown and it detects a signal in count 1, then it should decide whether detected signal is LAA signal or not with in a slot time. If the signal is from LAA, it will continue countdown and transmit data. In case of the signal is identified as Wi-Fi signal, LAA1 should hold the count and wait until the end of Wi-Fi transmission. 
Another problem is that signal identification should be performed within a CCA slot, i.e. 20us. Signal identification requires feature detection of signal which requires signal processing and decision. Since feature detection is much more complex than the energy detection, implementation of signal identification process within a CCA slot would be difficult. 
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Figure 4 – An example of adaptive CCA threshold and prerequisite of it
Observation 2: To utilize adaptive CCA threshold, functionality to identify signal within a CCA slot may be required.
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Figure 5 – Dynamic radio environment of unlicensed bands effects frequency reuse for LAA

The problems explained above are caused by LBT procedure of LAA. On the other hands, apart from the LBT prospective, another problem could be occurred on frequency reuse for LAA due to dynamic channel environment of unlicensed bands. Figure 5 presents an example of scenario that frequency reuse for LAA does not provide benefit due to dynamic radio environment. LAA1 and LAA2 are neighbouring cells and they use the same frequency F1. Around LAA1 cell, two Wi-Fi networks exist: Wi-Fi1 and Wi-Fi2 while Wi-Fi1 uses carrier frequency F3 and Wi-Fi2 uses F2. Wi-Fi3 and Wi-Fi4 operate near the LAA2 cell meanwhile both of them use F1 as carrier frequency which is same as that of LAA2 cell. In this scenario, frequency reuse between LAA1 and LAA2 cells would be beneficial to LAA1 because it does not have any interference from neighbouring Wi-Fi networks. However, LAA2 will be suffered from intra-frequency interferences by neighbouring Wi-Fi3 and Wi-Fi4. Therefore, in LAA2 point of view, frequency reuse between LAA cells does not provide benefit but only decreases chances of spectrum usages due to neighbouring Wi-Fi networks.
Observation 3: Frequency reuse of LAA does not provide benefits all the time.

Problems on frequency reuse of LAA were discussed above. In Figure 6, an alternative solution is provided, carrier selection. Instead of reuse the same frequency between LAA1 and LAA2, it would be beneficial for LAA2 to use different carrier frequency with LAA1. When neighbouring Wi-Fi networks use carrier frequency F1, LAA2 cell utilizes carrier selection functionality and select F3 as its carrier frequency. In this case, although overall spectrum utilization efficiency would be decreased, LAA2 cell’s throughput would be increased because it does not need to share the same spectrum resources with neighbouring Wi-Fi networks. Carrier selection of LAA2 cell is also beneficial to neighbouring Wi-Fi networks. In addition, LAA1 cell do not need to consider or employ interference management options which would increase system overhead. 
The only drawback of carrier selection is requirement on enhanced inter-frequency RRM measurement. When LAA1 and LAA2 cell reuse the same carrier frequency, cell edge UEs could carry out cell reselection by only using intra-frequency RRM measurement. However, carrier selection of LAA2 cell would require inter-frequency RRM measurement for cell reselection. Current specification allows relatively long measurement cycle on inter-frequency measurement compare with intra-frequency measurement [3]. This would cause performance degradation due to delayed handover caused by less frequent RRM measurement on neighbouring cells with different carrier frequency. Therefore, inter-frequency RRM measurement enhancement should be considered to support carrier selection instead of frequency reuse. 
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Figure 6 – Consideration of carrier selection instead of frequency reuse for LAA
Observation 4: Carrier selection could provide benefits over frequency reuse for LAA in some cases.
Proposal1: Trade-off between frequency reuse and carrier selection should be discussed for LAA.
Proposal2: To support carrier selection instead of frequency reuse for LAA, enhancement of inter-frequency RRM measurement should be considered. 
3 Conclusion
In this contribution, we described problems to support frequency reuse for LAA and a scenario that carrier selection has benefits over frequency reuse. As a conclusion, we provide following proposals. 
Proposal1: Trade-off between frequency reuse and carrier selection should be discussed for LAA

Proposal2: To support carrier selection instead of frequency reuse for LAA, enhancement of inter-frequency RRM measurement should be considered.
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