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1 Introduction
As described in the LAA study item description [1], the operation of LTE in unlicensed bands will most likely be provided under the assumption of carrier aggregation where the PCell will be operated in licensed spectrum while one or more SCells will be operated in unlicensed spectrum. The intention here is to schedule transmissions in unlicensed bands by means of cross-carrier scheduling from the licensed band.
Within this context, it was already mentioned in [2] that the subframe boundary alignment between PCell in licensed spectrum and SCell in unlicensed spectrum would be an important aspect that had to be discussed at RAN1. The critical issue is how the subframe boundary setting will affect LAA resource utilization and fairness in coexistence with other radio access technologies such as Wi-Fi.
In this contribution, we discuss therefore different options regarding subframe boundary configurations for unlicensed band operation.
2 Discussion
There are basically two options regarding the subframe boundary setting for unlicensed band operation: (a) subframe boundary alignment between PCell (licensed) and SCell (unlicensed) and (b) unaligned subframe boundaries on PCell and SCell.
2.1 Aligned Subframe Boundaries 
Subframe boundary alignment between PCell and SCell corresponds to the current Rel-12 carrier aggregation assumption. The advantage of this approach would therefore be maximum commonality with the existing CA framework with minimum specification changes. The subframe boundary is exemplarily shown in Figure 1 
Based on the equipment classification defined in the European regulation [3], SCell operation in unlicensed bands with fixed subframe boundaries given by the alignment with the PCell would be categorized as frame based equipment (FBE). 

[image: image1]
Figure 1 Aligned PCell and SCell subframe boundaries
2.2 Unaligned Subframe Boundaries
Another possibility is to adapt the subframe boundary in the unlicensed band dynamically to the channel occupation. The intention is to shift the subframe boundary to the moment of successful CCA. The advantage would be an increased resource utilization efficiency due to the increased channel access flexibility. The Aligned Subframe Boundaries approach described in Section 2.1 allows channel access only at fixed points of time (fixed subframe boundaries) while the dynamic adaptation of the subframe boundary would significantly increase the channel access opportunities. An exemplary subframe boundary shift is shown in Figure 2. 
Based on the equipment classification defined in the European regulation [3], SCell operation in unlicensed bands with flexible subframe boundaries would be categorized as load based equipment (LBE).  An important difference compared to the requirements for frame based equipment according to the European regulation is that the load based equipment has to additionally perform an extended CCA in terms of random backoff before accessing the channel.

[image: image2]
Figure 2 Unaligned PCell and SCell subframe boundaries
A non-negligible disadvantage of the Unaligned Subframe Boundaries approach is however that the timing in the unlicensed band will change from LAA burst to LAA burst due to the unpredictable burst transmissions of other coexisting nodes such as Wi-Fi. A discussion on the corresponding synchronization aspects can be found in a companion contribution [4].
2.3 Performance Evaluation
As described in Section 2.1, the assumption of subframe boundary alignment between PCell (licensed) and SCell (unlicensed) restricts the channel access opportunity on the unlicensed band after successful CCA to fixed points of time (i.e. subframe boundaries). For example, if the channel is occupied during CCA in subframe N, the next possible accessible opportunity is subframe N+1 (i.e. 1ms later).
With the option for adapted unaligned subframe boundaries, the SCell could access the unlicensed channel immediately after successful CCA. For example, if the channel is busy during CCA, the SCell would continue performing CCA until the channel becomes idle and transmit data immediately after successful CCA. This approach is similar to the access mechanism used in Wi-Fi.
In order to evaluate the impact of restricted channel access opportunities with fixed subframe boundaries (Aligned Subframe Boundaries), we simulated the coexistence of one LTE node and three Wi-Fi nodes.  The Wi-Fi nodes perform that standard IEEE 802.11 channel access procedure including random backoff while the LAA node uses the 18 μs CCA duration according to the European regulation (minimum 18 μs) prior to the subframe start. Within a single simulation run, all nodes (both Wi-Fi and LAA) assume the same transmission burst length (1, 2, 5, or 10 ms). 

The resulting resource utilization is shown in Figure 3 REF _Ref393883322 \h 
. It can be seen that the LTE node performs much worse than the Wi‑Fi nodes under the assumption of Aligned Subframe Boundaries. The WAIT_SYNC state describes the fraction of time the LTE node has to wait for the next subframe boundary after a successful CCA.
Figure 4 shows the result for Unaligned Subframe Boundaries on the unlicensed band. The LTE node applies here the same random backoff procedure as the Wi-Fi nodes, the only difference is that the LTE node applies a minimum CCA duration of 18 μs instead of 34 μs DIFS (distributed coordination function inter-frame space) in the Wi-Fi nodes. This difference is reflected by the slightly increased performance of the LTE node compared to the Wi-Fi nodes. 
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Figure 3: Comparison of resource utilization between LTE (aligned subframe boundaries) and Wi-Fi 
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Figure 4: Comparison of resource utilization between LTE (unaligned subframe boundaries) and Wi-Fi
Observation 1: 
From resource utilization perspective, a fixed subframe boundary pattern in unlicensed bands would reduce the access priority of an LTE node compared to Wi-Fi nodes.
2.4 Impact on Cross-Carrier Scheduling
For SCells with aligned subframe boundaries, the current carrier aggregation (CA) scheduling mechanism could mostly be reused. Since the CA framework already assumed aligned subframe boundaries. For SCells with unaligned subframe boundaries, a quite different situation would be encountered due to more dynamic subframe boundaries. Regarding carrier aggregation without cross-carrier scheduling, the scheduling timing is not affected since control signaling is sent with downlink data in the same subframe of unlicensed carrier. But, for carrier with cross-carrier scheduling, the scheduling timing would be more challenging since subframe boundaries of the SCells will be unpredictable.
Observation 2: 
SCells with aligned subframe boundaries could reuse current mechanism with and without cross-carrier scheduling in carrier aggregation.
Observation 3: 
SCells with unaligned subframe boundaries are not supported by current mechanism with cross-carrier scheduling in carrier aggregation.
3 Conclusion

In this contribution, we have discussed the benefits and drawbacks for SCell in unlicensed band with different assumption on subframe boundary alignment especially from channel access priority and impact on existing scheduling mechanism. We found each option has its own advantages and disadvantages based on following observations. 

Observation 1: 
From channel resource utilization perspective, SCell with aligned subframe boundary would have lower access priority compared with Wi-Fi node or SCell with unaligned subframe boundary.
Observation 2: 
SCells with aligned subframe boundaries could reuse current mechanism with and without cross-carrier scheduling in carrier aggregation.

Observation 3: 
SCells with unaligned subframe boundaries are not supported by current mechanism with cross-carrier scheduling in carrier aggregation.
Based on these observations, we draw following conclusion: 
Proposal: 
Further study is needed regarding the issue   of subframe boundary alignment between licensed PCell and unlicensed SCell considering access priority and scheduling.
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