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1
Introduction
RAN#68 approved the new LAA WI [1], which contains the specification of a channel access framework including clear channel assessment (CCA). 

Clear channel assessment procedure, or listen-before-talk (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. Hence, it is stated in TR 36.889 [2] that enabling frequency reuse for transmission by neighbour LAA cells of the same operator is one target of LAA design and that this aspect should be taken into account in the design of the LBT procedure. In this contribution, we discuss LBT designs that facilitate dense frequency reuse in more detail.
2
Discussion

Several LBT design options for improved frequency reuse were contributed e.g. in [4]-[9]. In RAN1#80bis [3], 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
2.1
Transmission start timing alignment
One of the possible LBT design approaches to support efficient frequency use is to coordinate LBT procedure 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 Cat. 2/FBE type of LBT operation in a synchronized network. In contrast, Cat. 3&4 / LBE type of LBT operation requires further coordination due to random backoff. A simple solution for that is to periodically align/re-synchronize the random backoff counters 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/re-synchronized 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. 
Following points can be noted on the LBT procedure coordination that is based on periodic random backoff counter re-initialization/re-synchronization:

· Otherwise LBT procedure is carried out independently in each cell. There is no information exchange on CCA measurement across cells as such operation would require way too short signaling latency between cells. 
· LBT procedure coordination does not require short backhaul latency, as LTB procedures run independently.

Additionally, synchronization accuracy for synchronized small cells is seen to be typically in the order of couple of microseconds [10, 11]. As some delay needs to be allowed for eNB to switch from clear channel assessment 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 based on periodic random backoff counter re-initialization does not require short backhaul latency or set exceptionally tight network synchronization requirements.
Looking now in more detail, periodic random backoff re-synchronization 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. No eNB waits for other eNBs to complete LBT, as the LBT procedure runs independently in each cell. 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 transmission 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-initialized (re-synchronized) according to the LBT procedure coordination. Equally, the extension of contention window size 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. 
The discussions in this section so far assumed that the same contention window size would be applicable for each individual cell. For the case of Cat. 4 LBT type of operation, some contention window size adaptation based on some channel metrics should be used. In this case, different dynamic contention window sizes are to be applied. The LBT procedure coordination would be applied only across cells using the same contention window size – including the most significant case of default contention window size. There would not be frequency reuse improvement across cells applying different contention window sizes. Instead, LBT operation would fall back to normal, uncoordinated LBE LBT operation with respect to these cells.
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Figure 3. Illustration of LBT coordination based on periodic random backoff counter re-initialization.
2.1
CCA threshold adaptation
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 note that LBT threshold adaptation based on the identification of interference source may have certain benefits over the LBT procedure coordination:

· In theory, 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.   
However, adaptation of LBT threshold based on interference type involves 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. Proposed signaling solutions seem to 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 [12]. It is not clear if LBT threshold adaptation can be applied for improved frequency reuse in these regions. In other words, LBT threshold adaptation may turn out not to provide a global LBT solution for frequency reuse. 
For example, LAA system identification utilizes the fractional OFDM symbol of reservation signal as a short preamble in [13]. This implies that the DTX/Idle periods need to be aligned across the cells, and the network needs to be synchronized. Further, eNB should try to detect signals from neighboring LAA and estimate the signal power for each fractional OFDM symbol duration during CCA/eCCA measurements so that it can adjust CCA threshold in timely manner when neighboring LAA cell starts transmission. Short duration of such fractional OFDM symbol can easily present challenges on measurement accuracy and inevitably increases computational complexity. 
As another example, interference type identification by muting predetermined subcarriers during LAA SCell data transmission was considered in [14], [15]. The muted subcarriers would be specific to at least each LAA network, hence, facilitating network identification. In this kind of interference type identification, when eNB measures in a CCA slot energy exceeding ED threshold, eNB measures in the next step energy on the predetermined subcarriers only. If the measured energy on those subcarriers is found to be sufficiently low, eNB determines the interference source to be from the same network and determines the CCA slot to be idle. It can be noted that:
· Energy measurement on muted subcarriers requires accurate network synchronization, so the mechanism does not provide any advantage in this aspect over the transmission start timing alignment approach. 

· Interference may come from another RAT using smaller bandwidth than 20 MHz, e.g. 5 MHz or 10 MHz. The other RAT may also have different center frequency than LAA SCell. In other words, interference from the other RAT may only partially overlap with the LAA SCell.  If the muted PDSCH REs are grouped to PRBs, and only one or few adjacent PRBs contain muted PDSCH REs, as considered in [15], interference from the other RAT may be erroneously categorized as intra-network LAA interference. To obtain reliable identification of interference type, eNB needs to reserve PRBs with muted PDSCH REs with a spacing well below 5 MHz. As these PRBs cannot be used for actual data transmission, the scheme will introduce considerable overhead as well as fragment PRBs that can be actually allocated for PDSCH. 
· The scheme can lead to unfair coexistence situation with WiFi. WiFi AP may be blocked from channel for unfair time period, potentially impacting WiFi latency performance. As an example, let’s assume that 

· LAA eNB#1 reserves channel,

·  LAA eNB#2 and WiFi AP#1 will try to access the channel few subframes. Both detect eNB#1 signal, but eNB#2 identifies eNB#1 signal and accesses channel. WiFi AP#1 cannot access channel.
· TxOP for LAA eNB#1 ends, and eNB#1 tries to access channel again. eNB#1 identifies eNB#2 signal and accesses channel. WiFi AP#1 detects eNB#2 signal and cannot access channel.

· TxOP for LAA eNB#2 ends, and eNB#2 tries to access channel again. eNB#2 identifies eNB#1 signal and accesses channel. WiFi AP#1 detects eNB#1 signal and cannot access channel, etc.
Hence we see that fair coexistence needs to be investigated further for this kind of method.
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 e.g. the approach based on LBT threshold adaptation. Hence, we prefer that LBT procedure coordination based on periodic random backoff counter re-initialization is supported for enabling frequency reuse for transmission by neighbor LAA cells of the same operator. 
Proposal #1: LBT procedure coordination based on periodic random backoff counter re-initialization is supported for enabling frequency reuse for transmissions 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.
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 observation:

Proposal #1: LBT procedure coordination based on periodic random backoff counter re-initialization is supported for enabling frequency reuse for transmissions by neighbor LAA cells of the same operator
Observation #1: LBT procedure coordination over neighbor LAA cells based on periodic random backoff counter re-initialization does not require short backhaul latency or set exceptionally tight network synchronization requirements.
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