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1 Introduction

Considering limited time for Rel-13 LAA WI, the work item shall only specify support for LAA SCells operating with only DL transmissions. For UL, the following should be agreed (but not specified): the principles of UL channel access and the necessary forward compatibility mechanism so that the UL for LAA SCells can be added in future release without modifications to the DL design [1]. In RAN1 82 meeting, there was some on-line discussion on UL LBT mechanism and email discussion [82-06], and the agreement is, 

Agreement:

•      For self-carrier scheduling, the following UL LBT candidate procedures should be considered
–       A CCA duration of at least 25 us before the transmission burst

•      The sensing duration in a CCA slot can be less than the CCA slot duration

–     A category 4 LBT scheme with a defer period of 25 µs including a defer duration of 16 us followed by one CCA slot, and a maximum contention window size chosen from X={3, 4, 5, 6, 7},

•      FFS: The random backoff counter is generated at the eNB and is signaled to the UE

•      FFS: When a UL grant is subject to LBT with a new random counter, the UL transmissions scheduled by the UL grant also uses a new random counter (previous counter is discarded) irrespective of prior success/failure in accessing the channel. 

•      The UL maximum contention window size should be smaller than for DL category 4 LBT

•      Note that X = 7 can be revisited later after DL LBT discussions, if necessary

–     FFS: Energy detection threshold used for UL LBT

 Agreement:
•      For cross-carrier scheduling, if it is supported that an LBT operation is performed on the SCell to send a grant on another Cell, the UL LBT procedure is the same as that for self-carrier scheduling. 

•      For cross-carrier scheduling, when an LBT operation is not performed on the SCell, one or more of the following UL LBT procedures should be supported
–     A CCA duration of at least 25 us before the transmission burst
•      The sensing duration can be less than the CCA duration
–     A category 4 LBT scheme with a defer period of 25 µs including a defer duration of 16 us followed by one CCA slot, 
•      FFS: The random backoff counter is generated at the eNB and is signalled to the UE
•      FFS: Whether the UL maximum contention window size can be smaller than that for DL category 4 LBT

•      FFS: Whether the UL maximum contention window size should be greater than that for self-carrier scheduled UL

–     FFS: Energy detection threshold used for UL LBT

 Agreement:

•      To avoid severe interference to on-going transmissions of other LAA networks or other technologies (e.g. Wi-Fi), LAA UE device should consider LBT before sending UL transmission burst.

•      FFS: Whether and under what conditions the following option may be used.

–     Transmission without LBT when an UL transmission burst on a carrier follows a DL transmission burst on that respective carrier with a gap of at most 16 µs between the two bursts

Note: Performance analysis shall demonstrate fair co-existence with Wi-Fi, when UL LBT procedure (including transmission without LBT) is used along with Rel-13 DL LBT procedure (including energy detection threshold applied at LAA eNB).

In this contribution, we discuss the remaining issues of UL LBT mechanism. The intention of this contribution is not to conclude the UL LBT in Rel-13, but for a good starting point for UL LAA design in Rel-14.
2 Discussion  
2.1 UL LBT Cat 2 vs Cat 4
There’re two UL LBT scheme to be considered, one is LBT Cat 2, and the other one is LBT Cat 4. UL LBT Cat 2 supports the CCA in a pre-defined location without backoff counter, e.g. the CCA duration of 25us right before the UL transmission burst.  UL LBT Cat 4 is almost the same as that for DL with faster LBT parameters, e.g. shorter defer period and also smaller contention window (CW). The pros and cons of these two LBT schemes are analyzed below. 
2.1.1 LBT Cat 2
The advantage of LBT Cat 2 is minimal specification change to support eNB scheduled UL transmission and easy support for UL multiplexing of multiple UEs in one subframe by OFDMA and MU-MIMO, because all UEs scheduled in the same burst could perform CCA at the same time and start transmission at the same time if CCA is successful. The drawback is that LBT Cat 2 is less competitive than Wi-Fi due to limited channel access opportunities, which leads to some performance degradation of LAA compared with coexisting Wi-Fi under medium to high load. Furthermore, it seems LBT Cat 2 may suffer consistent blocking between UL transmissions from asynchronous neighboring LAA cells, e.g. inter-operator case.  
To increase channel access opportunity, following three alternatives can be considered,

· Alternative 1: UL transmission with additional CCA slots in the middle of UL transmission burst, in which UE can differentiate RAT type.
Additional CCA slots which are not completely blank in the middle of UL transmission burst could be considered to increase the channel access opportunity while avoid dropping PUSCH in the middle of multiple scheduled subframes. For UEs already starting transmission could reserve some of the REs in frequency domain (e.g. reserved SRS comb REs) or transmit pre-defined sequence in these CCA slots. In that way, the transmission is continuous in time domain to avoid other nodes grasping the channel in the middle of transmission. At the same time, other UEs scheduled to transmit in a later subframe or UEs failed CCA at the beginning of UL transmission burst could perform sequence detection or enhanced energy detection on these reserved REs to differentiate whether the channel is occupied only by LAA UEs or by other non-LAA nodes, such as Wi-Fi. If interference from non-LAA signals is below the CCA threshold, LAA UEs could access the channel. Figure 1 shows the example. To differentiate the CCA slots prior to the UL transmission burst and in the middle of UL transmission burst, we define 1st type CCA and 2nd type CCA slots respectively.
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Figure 1 Examples of 1st and 2nd type CCA slots

· Alternative 2: UL transmission with more flexible CCA threshold [2].

The CCA threshold could be determined by a semi-statically configured value instead of the power class of the UE, e.g. the maximum transmission power of UE (Pc_maxc). As a further step, the CCA threshold could be dynamically determined by the current transmission power of the UE. The transmission power is controlled by eNB. If the detected energy level at UE side is larger than the CCA threshold, UE has to drop the UL transmission. Obviously, there is some flexibility for LAA to increase the UL transmission opportunity at the cost of lower UL transmission power. It would be beneficial if eNB could properly control the UL power. Therefore, the assistance information of interference perceived at the UE side to eNB may be helpful.  

· Alternative 3: UL transmission with more flexible UL transmission power.
UE could adjust its UL transmission power to effectively increase the CCA threshold. Consequently, the UL transmission opportunity could be increased with lower UL transmission power. The difference between alternative 2 and 3 is UE has some autonomy for the control of UL power. Such autonomous UL transmission behaviour is still aligned with basic network-centric rule for LTE, because UE behaviour is somehow under eNB’s control. That is, eNB could configure a power range in which UE choose a proper value for UL transmission to pass the CCA. UE has to drop the UL transmission only if the UL transmission power derived from the detected energy level of CCA is less than the lower bound configured by eNB.  

Observation 1: For LBT Cat 2, UL transmission opportunity could be increased by supporting CCA procedure at UE that can differentiate RAT type or by supporting more flexible CCA threshold.

To alleviate the consistent blocking between asynchronous inter-operator LAA cells, the following methods could be considered, 

· Alternative 1: Randomization of UL transmission starting point by TA adjustment.
When UE performs one slot CCA check, the CCA check shall start e.g. 25us before the start of the corresponding uplink subframe. The start of uplink subframe is determined by the timing advance (TA) indicated by the eNB. Usually, by using TA to advance/delay UL transmission timing to the eNB, propagation delay is compensated and thus the transmissions from different UEs are time aligned with the receiver window of the eNB. Now, TA is not only to align the UL timing of UEs in the same cell but also to stagger the UL transmission starting point of UEs served by different cells. That is, same offset could be included in TA for intra-cell UEs while different offset for inter-cell UEs. The offset could be transparently supported by existing TA command without any standard effort. Considering the typical cell range of LAA cell is less than hundred meters, the maximum propagation delay would only consume 1 or 2 index value of TA command, which leaves up to 30us (the length of the TA command field is 6 bits, i.e. 32.76us) to adjust the UL transmission starting point among cells. The details of how to determine the proper TA could be implementation issue of eNB. 
· Alternative 2: Randomization of UL transmission starting point by time varying cell-specific offset.
Though TA command discussed in alternative 1 could be transmitted on a per need basis, it may incur frequent control signalling transmission. To avoid additional overhead, the cell-specific offset could be defined as a function, of which the two variables are frame/subframe index and operator ID.  The cell-specific offset is added on the UL timing for UL subframes. The granularity and the dynamic range of the offset could be further studied taking the typical timing difference among operators in real deployment into account. One possible option is reusing the indication of DwPTS length to inform the cell-specific offset for UL.
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Figure 2 Examples of varied UL transmission starting point for asynchronous cells
Observation 2: For LBT Cat 2, Cell-specific variable starting point of UL transmission could be introduced to alleviate inter-user blocking between asynchronous cells. 

Another FFS point for LBT Cat 2 is whether the TTI starts at the subframe boundary or after the subframe boundary. Considering the partial ending subframe is under the study of DL transmission burst, and LTE already supports special subframe, it is simpler to locate the single CCA slot in the end of the subframe before the UL subframe.
2.1.2 LBT Cat 4
The advantage of LBT Cat 4 is comparative performance with Wi-Fi and it seems random backoff counter of LBT Cat 4 could avoid asynchronous inter-operator blocking. The disadvantage is the difficulty to support multi-user multiplexing in one subframe due to its variable ending point of CCA procedure. 
It is true that random backoff counter of LBT Cat 4 could support different starting points of UL transmission among neighboring LAA cells, but its effectiveness would be quite limited. One possible scenario where the scheme could not work properly is UEs served by different LAA cells are performed iCCA. These UEs may not go into eCCA loop if there is no interference observed during iCCA, thus the random backoff counter is not used and all UEs would collide. The other possible scenario is the minimum CWS fixed to 1, the CWS is same for all cells once these cells meet the condition to reset the CWS. In that case, the timing difference introduced by backoff counter is only at most one CCA slot, i.e. 9us. In scenarios where different random backoff is used by different cells, the maximum timing difference among these cells depends on the maximum CWS.  Small maximum value, e.g. X=3, still could not provide sufficient room to stagger the UL transmission time. With the increase of maximum CWS, the timing difference could be larger. But it results in less channel access opportunity and the overall CCA procedure could not be finished within one OFDM symbol which may require additional standard effort for both CCA and ending subframe design. Furthermore, the CW adjustment needs careful design. To avoid potential collision with Wi-Fi, it is desirable to increase the CWS once the channel is detected as busy, i.e. CWS is doubled when NACK/DTX is detected. On the other hand, if there is no Wi-Fi interference, and the interference is from asynchronous LAA cells, it would be fair that the victim LAA cell could perform faster LBT to access the channel earlier than the aggressor LAA cell for next UL transmission. So, it is desirable to reduce the CWS when NACK/DTX is detected. Obviously, the CWS adaptation mechanism is contradictory for these two different cases.  
Observation 3: Setting different random backoff counter for different cells could not efficiently alleviate inter-user blocking between asynchronous cells. 
The most stressful issue of LBT Cat 4 is potential blocking among UEs served by one cell. If the random backoff counter is generated at UE side, it is likely that different UE has different initial counter value, those with the smallest value will block the rest of UEs even when there is no Wi-Fi interferer or LAA from other operators. To avoid such blocking, it was proposed in [3] that the random backoff counter is generated at eNB side and is signaled to the UE. By signaling the same random backoff counter to all UEs scheduled in the same UL transmission burst and fixing the start of the contention window, it is expected that all UEs could perform CCA at the same time and thus align the transmission time if there is no external interferer. However, the efficiency of this method is questionable.
· The method could work efficiently only if the interference distribution around all UEs are exactly the same. Once the interferers around UEs release the channel in tandem, e.g. Wi-Fi AP1 near UE1 released the channel before the contention window while Wi-Fi AP2 near UE2 released the channel several microseconds after that, the UEs could not pass the eCCA check at the same time. The earlier UE grapping the channel immediately transmits the reservation signal causing interference and channel congestion to other UEs. 
· To ensure exactly the same CCA procedure by all UEs, not only the backoff counter for eCCA should be the same, but also the CCA type should be the same, i.e. eCCA or iCCA. The synchronized backoff counter requires all UEs to reset the counter and restart the CCA procedure for the next scheduled transmission no matter the UE successfully acquires the channel or not in the previous transmission. It is noted that eNB should determine the resetting counter value carefully to be complied with LBT regulation requirement for the UEs. The same CCA type requires all UEs scheduled in the same UL transmission burst in the same state, i.e. the state to enter iCCA or eCCA loop. Otherwise iCCA block shall be removed to guarantee that all UEs shall perform eCCA with the same backoff counter. However, without iCCA loop, the channel access opportunity of UL LAA will be further reduced compared with Wi-Fi.
·   The overhead of signaling of the backoff counter to the UE is not negligible. If the maximum CW size is 7, up to 3 bits is required. If new bits are added to UL grant, it would result in degradation of DL coverage. 

· It is not easy for eNB to determine proper CWS. Unlike DL LBT wherein the transmitter eNB determines CW based on ACK/NACK feedback or eNB sensing, the eNB as a receiver in UL LAA could not know whether/why UE drops PUSCH and have no clear picture of interference situation at the transmitter UE side. 
Observation 4: The usefulness of aligning the random backoff counter among UEs to avoid inter-user blocking in one cell is quite limited. 
Based on these arguments, we think the benefit of LBT Cat 4 is still not very clear. LBT Cat 2 should be considered as the baseline for Rel-14 UL LAA. 

Proposal 1: Enhanced LBT Category 2 should be considered as the baseline for UL LAA in Rel-14. 
2.2 Cross-scheduling and self-scheduling for UL 

Both cross-carrier and self-carrier scheduling shall be considered for UL LAA. The main difference is that LBT is required at both eNB and UE side for self-carrier scheduling, i.e. LBT for UL grant transmission and LBT for UL transmission, while cross-carrier scheduling only requires LBT at UE side when UL grant is sent on a licensed carrier. Thus, it makes sense to consider less aggressive LBT for cross-scheduling than self-scheduling. But it is also noted that even though the LBT may not be performed by eNB, the scheduled access is still less aggressive compared with Wi-Fi, because Wi-Fi is the contention based access thus could access the channel without any time constraints. Therefore, LBT for cross-scheduling should be faster than DL LBT.    
Observation 5: Though LBT may not be performed by eNB, cross-carrier scheduling is still less aggressive compared with Wi-Fi. 

Proposal 2: Less aggressive LBT can be considered for cross-scheduling, but it should still be faster than DL LBT. 
2.3 Non-LBT UL transmission

The main concern of non-LBT is the hidden node problem. Without CCA at the UE side, the collision between LAA and Wi-Fi would be unavoidable, because the UE and eNB are in different locations leading to quite different interference observations. Simulation results by some companies showed the performance degradation of non-LBT for both UL LAA and Wi-Fi. These simulations assume non-LBT for all cases. No one has evaluated the performance of the dynamic switching of LBT and non-LBT, i.e. non-LBT is only applied when certain condition is met, such as when the gap between DL transmission burst and UL transmission burst is no more than 16us. Therefore, we need further evaluation of the impact of non-LBT LAA on Wi-Fi.  Another concern of non-LBT is the usefulness of non-LBT. In the case of 4ms TXOP, the UL scheduling latency is still 4ms, the gap between DL and UL transmission burst within 16us is guaranteed only if the subframe the UL grant is sent is the first subframe of DL transmission burst (both full and partial subframe could be supported). In the case of cross-carrier scheduling from licensed carrier, the scenario is further limited, i.e. non-LBT is applicable only if the eNB acquires the channel right at the UL grant subframe boundary. Yet it could be used for longer TXOP or with reduced scheduling latency which is to be supported in Rel-14.  
Proposal 3: Non-LBT UL transmission could be studied with further evaluation of fair co-existence with Wi-Fi and identification of the valid scenarios in Rel-14.
2.4 Others

2.4.1 Multi-subframe/cross-subframe scheduling 
For either UL LBT Cat 2 or Cat 4, in the case multiple UL subframes are consecutively scheduled for the same UE, no sensing is performed for the PUSCH transmissions for the remaining subframes in one transmission burst once the UE starts transmission. Either cross-subframe scheduling (multiple UL grants in one DL subframe scheduling the following UL subframes) or multi-subframe scheduling (one UL grant scheduling all the following UL subframes) could be considered in addition to existing one-to-one UL scheduling. It is particularly beneficial in a UL-heavy scenario where we should avoid too many DL subframes just to send UL grants. 

2.4.2 UE assist information 
As is discussed in 2.1.2, the uncertainty of UL transmission would have impact on eNB behaviour. When eNB fails to detect PUSCH transmission, eNB has no clear idea whether UE misses the UL grant or UE drops the PUSCH due to occupied channel, which makes it difficult for eNB to efficiently adjust the CW or make a proper link adaptation for UL grant. Thus, it is beneficial to provide scheduled PUSCH transmission status to eNB, e.g. UE could report the dropping of PUSCH transmission on licensed carrier.  
3 Conclusions
Based on the discussion above, we have the following observations and proposals:

Observation 1: For LBT Cat 2, UL transmission opportunity could be increased by supporting CCA procedure at UE that can differentiate RAT type or by supporting more flexible CCA threshold.
Observation 2: For LBT Cat 2, cell-specific variable starting point of UL transmission could be introduced to alleviate inter-user blocking between asynchronous cells. 

Observation 3: For LBT Cat 4, setting different random backoff counter for different cells could not efficiently alleviate inter-user blocking between asynchronous cells. 

Observation 4: For LBT Cat 4, the usefulness of aligning the random backoff counter among UEs to avoid inter-user blocking in one cell is quite limited. 
Observation 5: Though LBT may not be performed by eNB, cross-carrier scheduling is still less aggressive compared with Wi-Fi. 
Proposal 1: Enhanced LBT Category 2 should be considered as the baseline for UL LAA in Rel-14. 

Proposal 2: Less aggressive LBT can be considered for cross-carrier scheduling compared with self-carrier scheduling , but it should still be faster than DL LBT. 

Proposal 3: Non-LBT UL transmission could be studied with further evaluation of fair co-existence with Wi-Fi and identification of the valid scenarios in Rel-14.
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