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1
Introduction
Study Item “Study on Licensed-Assisted Access using LTE” [1] was approved in RAN#65. SI aims at determining a single global solution which enhances LTE to enable licensed-assisted access to unlicensed spectrum while coexisting with other technologies and fulfilling the regulatory requirements. As a natural starting point, commonality with existing functionalities should be maximized, when possible. 

One particular aspect with operation on unlicensed spectrum is the need to co-exist with other equipment on the same carrier. LAA discussions in RAN1 seem to converge on that the listen-before-talk (LBT) / Clear Channel Assessment (CCA) procedure will be needed for LAA to provide fair coexistence on unlicensed bands with WiFi. Further, it was agreed in RAN1 #78bis [2] that LBT is among functionalities identified to be required for an LAA system to meet regulatory requirements in certain regions/bands. 

However, LBT procedure can prevent frequency reuse 1 operation between LTE LAA SCells. An LAA SCell already transmitting on a channel can simply block neighboring cells of the same LTE LAA network from accessing the channel simultaneously as LBT evaluates channel as occupied. On the other hand, reuse 1 operation within single network is one of the key mechanisms for achieving high spectral efficiency in LTE. Efficient frequency reuse  operation on a LTE LAA network benefits also other systems accessing the same channel, as different cells of the LTE LAA network can share the same channel access occasion and, hence, can reduce the overall time that channel needs to be occupied.
In RAN1 LTE LAA AdHoc meeting (Paris, April 2015) [3], an agreement was reached on that enabling frequency reuse for transmission by neighbour LAA cells of the same operator is one target of LAA design, and it should be taken into account for design of LBT. In RAN1#80bis [4], several LBT design options for improved frequency reuse were contributed [5]-[10]. It was concluded that at least the following options can be further studied to enable improved frequency reuse for LBE LBT for DL LAA: CCA threshold adaptation, transmission start timing alignment, and signal subtraction from ED or modified ED. It was further noted that a combination of the options or other alternatives are not precluded. In this contribution, we discuss LBT design supporting transmission start timing alignment in more detail.
2
Discussion

One of the possible LBT design approaches to support efficient frequency use is to coordinate LBT procedure, e.g. random backoff counter across the cells participating on the frequency reuse, so that LBT measurements occur simultaneously in the cells and transmission start timing is aligned across cells. LBT procedure coordination requires that:

· Cells participating to the frequency reuse are synchronized. If the LTE network, including cells on the licensed spectrum, is not synchronized, the frequency reuse operation is limited to co-channel RRH SCells supported by the same eNB. Even though synchronization of cells in licensed FDD spectrum is not required, it should be noted that several advanced LTE features like CoMP and eICIC as well as LTE TDD operation in general require network synchronization. 

· Cells need to have DTX/Idle periods that are aligned / coordinated across the cells, as shown in Figure 1. Also DL LBT procedure within the coordinated DTX/Idle periods needs to be aligned. Otherwise a situation as illustrated in Figure 2 can occur. It should be noted that alignment of DTX/Idle periods does not limit eNB’s possibilities to start transmission also on other subframes, as illustrated in Figure 1. 
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Figure 1. Illustration of LBT operation with alignment of DTX/Idle periods
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Figure 2. Illustration of a problem on LBT procedure coordination without alignment of DTX/Idle periods

These requirements are sufficient for and fulfilled by FBE type of LBT operation in a synchronized network. In contrast, LBE type of LBT operation requires additionally that the random backoff counters are periodically aligned/coordinated across the cells. In other words, LBT procedure coordination might include:
· Random number generators providing random backoff are similarly initialized in each cell, so that the same sequence of random backoff values is generated in all cells.
· As random backoff / CCA counters can progress differently in each cell e.g. due to differences in the seen/measured interference, the random backoff counter will gradually diverge across the cells. To prevent such divergence, random backoff counter values need to be periodically re-initialized with the same random value in all cells. This is illustrated in Figure 3.
· eNBs need to have equal CCA measurement slot duration and reasonably equal delay from successful completion of LBT to start of transmission. 
Random backoff coordination is illustrated in Figure 3 with following steps and exemplary numbers:

· Step 1: Exemplary random backoff value of 20 is drawn in all cells, as random number generators are initialized with the same value all cells.

· Step 2: WiFi starts transmission. eNB 2 and 3 sense the channel as occupied and stop counting down the random backoff. Random backoff counters are stopped at (exemplary) value 9. eNB 2 and 3 continue to sense the channel. However, eNB 1 is sufficiently far away and does not sense WiFi. It continues to count down random backoff and starts to transmit once the random backoff counter reaches 0.

· Step 3: WiFi stops transmission. eNB 3 continues to count down the random backoff and starts to transmit once the counter reaches 0. However, eNB 2 senses channel occupied due to ongoing transmission on eNB 1. eNB 2 continues to sense the channel with random backoff counter halted on value 9.
· Step 4: Random backoff counter remains halted on value 9 on eNB 2 as it sense transmissions from both eNB 1 and eNB 3. New random backoff value 12 is drawn in all cells, and random backoff counter are re-initialized with it, also in eNB 2. LBT can be completed successfully on all cells due to simultaneous DTX across cells.
As Figure 3 illustrates, the LBT procedure coordination does not mean that transmission start timing alignment is strictly forced across cells at any price. Instead, LBT procedure coordination prioritizes the main LBT target – fair coexistence with other LAA networks and radio access technologies - over frequency one reuse oriented LAA DL operation. If eNB senses interference from another system above normal LBT threshold, it will hold back from transmitting and fall off from the coming “frequency reuse cycle” with other LAA eNBs of the same network. This means also that random backoff counter of a cell may temporarily diverge from the random backoff counter values in neighboring cells. In this case, the cell effectively falls back to normal LBE LBT operation until its random backoff counter is re-initialised (re-synchronized) according to the LBT procedure coordination. Equally, if variable contention window size, e.g. exponential backoff, is incorporated to the LBT procedure, the extension of contention window (e.g. due to exponential backoff) should occur individually per cell. There is no point to unnecessarily penalize other cells with contention window extension, just to align transmission start time under all circumstances.
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Figure 3. Illustration of random backoff counter coordination.
Based on the presented discussion, one can note that LBT procedure coordination or transmission start timing alignment can be based on periodic random backoff counter re-initialization, while the LBT procedure is still carried out independently in each cell. Hence, LBT procedure coordination does not necessarily require short backhaul latency. Additionally, synchronization accuracy for synchronized small cells is seen to be typically in the order of couple of microseconds [11,12]. As some delay needs to be allowed for eNB to switch from channel measurement to transmission, one can expect that LBT procedure coordination or transmission start timing alignment does not require exceptionally tight network synchronization accuracy.

Observation #1: LBT procedure coordination over neighbor LAA cells does not necessarily require short backhaul latency or set exceptionally tight network synchronization requirements.
In the approach based on LBT threshold adaptation, a higher threshold is applied when eNB identifies that high portion of interference originates from the same LTE network. This means that the same frequency/channel can be reused by different eNBs over a shorter distance. When comparing the approach based on LBT threshold adaptation against the LBT procedure coordination approach, we can note that LBT threshold adaptation based on the source of interference may have certain benefits over the LBT procedure coordination:

· In principle, it does not require network or LBT procedure synchronization

· As LBT procedure synchronization is not required, frequency reuse operation is not affected by LBT measurement errors or inter-network or inter-system interference measured/heard only on part of LAA eNBs.   
However, adaptation of LBT threshold based on interference type involves also significant open questions:  
· eNB needs to detect source of interference, whether the main source is from own network or not. Specific inter-eNB signalling may need to be introduced for facilitating the detection. Some of the signalling solutions may require that the cells and/or LBT procedures are synchronized at some level, hence reducing the benefit of not requiring synchronization.
· It is not clear how to ensure robust LBT operation towards other LTE networks and radio access technologies like WiFi. LTE LAA interference received at a stronger level can mask a WiFi signal received at a weaker level. Such masking may occur e.g. due to imperfections in the cancellation of the stronger LAA signal from the LBT measurements. On other hand, if the LBT threshold is adapted in a conservative manner, e.g., semi-statically in order to achieve a more robust LBT fairness towards e.g. WiFi, it is not clear whether the approach can provide any significant frequency reuse improvement in an environment with active WiFi equipment being present. 

· In some regions, there are regulatory requirements on the applied LBT threshold [8]. It is not clear if LBT threshold adaptation can be applied for frequency reuse in these regions. In other words, LBT threshold adaptation may turn out not to provide a global LBT solution for frequency reuse. 
It should be noted that the above concerns apply also on the approaches based on modified energy detection or signal subtraction from energy detection. Both LBT threshold adaptation and LBT procedure coordination approaches have their own pros and cons, as well as limitations on the feasible deployment scenarios. However, we see that frequency reuse support via LBT procedure coordination provides global solution, can ensure fair channel access for other LTE networks and radio access technologies like WiFi in a robust manner. Moreover, it requires smaller specification and implementation efforts than the approach based on LBT threshold adaptation. Hence, we prefer that LBT procedure coordination is supported for enabling frequency reuse for transmission by neighbor LAA cells of the same operator. 
Proposal #1: LBT procedure coordination over neighbor LAA cells is supported for enabling frequency reuse for transmission by neighbor LAA cells of the same operator 
The use of LBT procedure coordination enabling frequency reuse is not well justified in all scenarios; e.g. in case of isolated LAA SCell of that network, or in case the network is not synchronized and neighbouring co-channel LAA SCell are not served by the same eNB via RRHs. The use of LBT procedure coordination enabling frequency reuse should therefore depend on eNB configuration (incl. activation/deactivation of the feature), as is the case also with other LTE advanced features.
Although LBT procedure is coordinated over eNBs, the LBT procedure itself is still carried out independently in each eNB. However, one can see that enhancements on X2 signalling are needed so that eNBs can exchange information on LBT procedure parameters relevant for supporting LBT procedure coordination for frequency reuse. Of course, the exact parameters depend on the final LBT procedure design. 

Observation #2: eNBs should be able to exchange information over X2 on LBT procedure parameters relevant for supporting LBT procedure coordination for frequency reuse.  
When considering the scenario where LAA SCells operate both DL and UL with frequency reuse, it is worth noting that the scenario has a lot of commonalities with typical LTE TDD scenarios. Cross-link interference (DL-to-UL and UL-to-DL) could severely limit system performance and is therefore typically avoided in LTE TDD. Due to aggressive TPC on UL when compared to DL, one can expect that transmission powers are frequently considerably higher in DL than in UL also with low power LAA SCells. This means that potential cross-link interference remains a source of severe interference also in LAA SCells. It was noted also during Rel-12 eIMTA work that mitigation of cross-link interference is essential to reduce the negative impact on system performance.

Based on the learnings from Rel-12 eIMTA work, we think that an LTE LAA network supporting UL and DL operation as well as frequency reuse should also support aligning at least some of the DL and UL subframes between cells in order to mitigate cross-link interference across cells. Also for LTE LAA TDD SCells (supporting both UL and DL) the issue of fast and flexible adaptation between UL and DL resources according to the actual traffic needs to be taken into account. It was noted in the eIMTA studies that dynamic adaptation of UL/DL resources according to traffic can provide considerable throughput gain especially in the small cell environments. Hence, it makes sense to support dynamic UL/DL adaptation also in LTE LAA TDD SCell. LBT mechanism alone inherently adapts to the actual traffic. However, as we want to support also efficient frequency reuse with cross-link interference coordination in addition to LBT, we see a need for determining semi-statistically downlink only, flexible, and possible uplink only subframes, as well as aligning them between eNBs. This requires related support for UL/DL resource coordination between eNBs based on X2 signalling. Hence, we see that X2 signalling should be extended to support the necessary inter-eNB signalling to enable cross-link interference coordination for LAA TDD SCells.
Observation #3: eNBs should be able to exchange information over X2 on semi-static subframe type parameters relevant for supporting inter-eNB cross-link interference coordination.
3
Conclusion
In this contribution, we discussed the design options for LBT procedure that enables frequency reuse for transmission by neighbour LAA cells of the same operator. Based on the discussion, we make the following proposal and observations:

Proposal #1: LBT procedure coordination over neighbor LAA cells is supported for enabling frequency reuse for transmission by neighbor LAA cells of the same operator 

Observation #1: LBT procedure coordination over neighbor LAA cells does not necessarily require short backhaul latency or set exceptionally tight network synchronization requirements.
Observation #2: eNBs should be able to exchange information over X2 on LBT procedure parameters relevant for supporting LBT procedure coordination for frequency reuse.  
Observation #3: eNBs should be able to exchange information over X2 on semi-static subframe type parameters relevant for supporting inter-eNB cross-link interference coordination.
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