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Introduction
In RAN1 #82 meeting, the following working assumptions have been agreed [1].
· For self-carrier scheduling, the following UL LBT candidate procedures should be considered
· A CCA duration of 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, and a maximum contention window size of X={3, 4, 5, 6, 7}, respectively
· FFS: The random backoff counter is generated at the eNB and is signalled to the UE
· 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: Transmission without LBT when UL transmission burst follows DL transmission burst with a gap of at most 16 µs between the two bursts

Regarding the last sub-bullet point, similar behaviour has already been agreed and adopted in the specification framework for 802.11ax [2]. In the specification framework, a trigger frame was introduced to identify the STAs transmitting the UL MU PPDUs and allocating resources for the UL MU PPDUs. After receiving the trigger frame from the AP, the STAs transmit UL MU PPDUs immediately (presumably, with a gap of SIFS). In contrast, currently in LTE the gap between UL grant and corresponding UL transmission is 4ms or more. It is important to evaluate first whether  eNB-sensing based UL LBT provides sufficient performance while keeping the current constraint on the minimum gap between UL grant and UL transmission. From that perspective, we provide some initial evaluation results and findings in this contribution. 

eNB-sensing based UL LBT and U-sensing based UL LBT
Similar to the case of DL-only LAA, LAA with DL and UL transmissions should be constrained by a maximum length of transmission burst and/or Transmission opportunity (TXOP). Here as a starting point, we consider 4 ms as the maximum length of TXOP. The TXOP could be occupied by a single DL or UL transmission burst, or a DL transmission burst followed immediately by a UL transmission burst. This setting aligns with current Japanese regulations. Since the UE transmits the PUSCH at least 4ms later than the associated UL grant in the existing LTE specification, the UL transmission burst cannot be in the same TXOP as the DL transmission burst which contains the associated UL grant. As the result, as shown in Fig. 1, the UL transmission burst can only follow the next DL transmission burst after the DL transmission burst with the associated UL grant. In the case there is no following DL data burst, the eNB need to transmit some DL signal to trigger UL transmission. Initial signal or DRS could be candidates for this purpose.  In addition, to improve the success rate of UL LBT, the start timing of UL transmission burst, i.e. the offset from the subframe that the associated UL grant is transmitted, may be given several chances. 
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Fig. 1 eNB-sensing based UL LBT

By way of comparison, a UE-sensing based method is illustrated in Fig. 2.  In this figure, a UE is scheduled subframe by subframe. The last symbol of each subframe for UL transmission is dropped to leave room for the CCA of next UL transmission. Within the duration of the last symbol, a category 4 LBT scheme with a defer period of 25 µs and a maximum contention window size of X={1, 2, 3, 4, 5} can be performed. For the purpose of analysing the impact of overhead of transmitting UL grants on unlicensed carrier, we define two types of UE-sensing based method. The only difference between type (s) and type (x) is whether the UL grants during the period with UL traffic only are transmitted on the unlicensed carrier or licensed carrier. In type (s), all the UL transmissions are self-scheduled, as shown in Fig. 2. In type (x), the UL grants during the period without DL traffic are transmitted on the licensed carrier. 
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Fig. 2 UE-sensing based UL LBT



Initial evaluation results
We have performed simulation based on indoor scenario for LAA coexistence evaluations which is specified in A.1.1 of TR 36.889 [3]. Operator A and Operator B share a same unlicensed carrier. The DL/UL traffic ratio is 50:50. As the antenna configurations are 2Tx2Rx in DL and 1Tx2Rx in UL, the UL transmission occupies the channel more than DL transmission. These can be considered as reasonable assumptions for evaluation of UL LBT. The assumption for contention window size is shown in Table 1. For LAA, each subframe is allocated to only one UE. 


Table 1 Contention window size
	
	Defer period [us]
	CWmin
	CWmax

	WiFi AP
	32
	15
	1023

	WiFi STA
	32
	15
	1023

	LAA DL transmission burst with data
	32
	15
	1023

	LAA DL transmission burst with UL grant only
	32
	15
	15

	LAA UL (UE-sensing case)
	25
	3
	3




Table 2  Traffic load and buffer occupancy in step 1
	Traffic load
	Low
	Medium
	High

	Buffer occupancy
	10.9%
	39.5%
	57.1%



The simulation results are shown as Fig. 3, Fig. 4, Fig. 5 and Fig. 6. The buffer occupancy for low, medium, high traffic load is shown in Table 2. It can be seen that eNB-sensing based method described above can achieve a reasonable UL throughput while coexisting fairly with WiFi and maintaining good DL throughput. Regarding the UE-sensing based method, it can be seen that type (s) and type (x) provide very different performance. Type (s) neither provides a sufficient UL performance nor coexists fairly with WiFi, especially in the high traffic load case. In the high traffic load case, in contrast with the low traffic load case, the UL transmission cannot be carried out more frequently due to the busy condition, and more PDCCHs that contain UL grants are transmitted on the unlicensed band. The congestion status of the channel gets dramatically heavier. To improve performance under such conditions, two options may be considered. One option is to further enhance the transmission method of UL grants, although it is already prioritized over LAA DL data transmission and WiFi data transmission in terms of contention window size as shown in Table 1. Another option is to enhance the transmission method for UL data transmissions. A simple thought would be continuous transmission of a multi-subframe. Another thought would be to give more transmission opportunity for each UL transmission burst.
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Fig. 3 DL performance of Operator A (WiFi)              Fig. 4 UL performance of Operator A (WiFi)
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Fig. 5 DL performance of Operator B             Fig. 6 UL performance of Operator B


Observation 1: eNB-sensing based UL LBT can provide a good UL performance while coexisting fairly with WiFi and maintaining good DL throughput.

Observation 2: UE-sensing based UL LBT with self-scheduling may require some further enhancement to provide a good UL performance while coexisting fairly with WiFi and maintaining good DL throughput. Further studies are needed from the following two aspects, 
· To transmit more efficiently UL grants which cannot be transmitted in a DL burst with DL data 
· To increase transmission opportunities for UL transmission, such as continuous transmission of multi-subframe, or multiple transmission opportunities for each transmission burst

Discussion on hidden node problem
There has been online/offline discussion on the hidden node problem with regard to the eNB-sensing method during past RAN1 meetings. It is true that the eNB-sensing method has its hidden node problem which has different form from the hidden node problem in the UE-sensing method. But it does not necessarily mean that the eNB-sensing method has worse performance than the UE-sensing method. The above evaluation results also show that there may be many more critical factors other than the hidden node problem. 
Fig. 7 illustrates the traditional hidden node problem, which is also applied to UE-sensing based UL LBT. That is, the UE may start to transmit a burst during the period the STA is transmitting a burst because they are hidden nodes for each other. The signal received by the eNB and the AP is interfered by the signal from hidden nodes. We note that eNB-sensing based method can resolve this hidden node problem in the case that the eNB can hear the STA.  Because the eNB will not start to transmit signals hence not initiate UL transmission during the transmission period of the STA. Fig. 8 illustrates the hidden node problem in eNB-sensing case.  During the period that the STA transmits a burst, the eNB may trigger UL transmission from the UE because the eNB and the STA are hidden from each other. Further studies may be needed to identify which case between Fig. 7 and Fig. 8 causes more negative impact in the total performance. However, the evaluation results above show that there are more critical problems to be resolved for the UE-sensing method.
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Fig. 7 Hidden node problem in UE-sensing method             Fig. 8 Hidden node problem in eNB-sensing method

Observation 3: eNB-sensing based UL LBT and UE-sensing based UL LBT may cause different types of hidden node problem. Further studies may be needed to evaluate the impact of the hidden node problem for each method. However, the evaluation results show that there are more critical problems to be resolved for UE-sensing method with self-scheduling.


Conclusions
The following observations summarize the above discussion based on the initial simulation results:- 

Observation 1: eNB-sensing based UL LBT can provide a good UL performance while coexisting fairly with WiFi and maintaining good DL throughput.

Observation 2: UE-sensing based UL LBT with self-scheduling may require some further enhancement to provide a good UL performance while coexisting fairly with WiFi and maintaining good DL throughput. Further studies are needed from the following two aspects, 
· To transmit more efficiently UL grants which cannot be transmitted in a DL burst with DL data 
· To increase transmission opportunities for UL transmission, such as, continuous transmission of a multi-subframe, or multiple transmission opportunities for each transmission burst

Observation 3: eNB-sensing based UL LBT and UE-sensing based UL LBT may cause different type of hidden node problem. Further studies may be needed to evaluate the impact of the hidden node problem for each method. However, the evaluation results show that there are more critical problems to be resolved for UE-sensing method with self-scheduling.
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