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1 Introduction
During LAA SI stage [1], multiple channel access schemes have been evaluated:
· Category 1: No LBT

· Category 2: LBT without random back-off

· Category 3: LBT with random back-off with fixed size of contention window

· Category 4: LBT with random back-off with variable size of contention window

The TR recommends a Category 4 LBT mechanism to be the baseline at least for LAA DL transmission bursts containing PDSCH [2].  In RAN1 #81 meeting, the following agreement has been reached [3]:

· LAA supports UL LBT at the UE.

· The UL LBT scheme can be different from the DL LBT scheme (e.g. by using different LBT mechanisms or parameters) e.g., since the LAA UL is based on scheduled access which affects a UE’s channel contention opportunities.

In addition, in RAN1 #82 meeting [4] and the subsequent mail discussion about UL LBT for LAA [83-06], the following agreements have been reached:
· 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 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 back-off counter is generated at the eNB and is signalled 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

· 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).

· 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 procedure 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 back-off 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.
In RAN1 #84 meeting, the following agreement is reached [5]:
Agreements:
· Support UL LBT based on a Cat-4 channel access procedure.

· Support UL LBT based on a CCA of at least 25us before the UL transmission burst.

· FFS: Condition and restriction on when these options are used
Based on all the above agreements, in this contribution, we discuss channel access options for LAA uplink. 
2 UL LBT
In this section, we discuss the issues of clear channel assessment (CCA) position, Listen-Before-Talk (LBT) options, LBT adaptation and LBT priority class for UL.
2.1 CCA position

The agreement reached in Rel-13 requires UE to perform LBT before UL transmission. However, if the uplink LBT adopts a method similar to DL LBT without restricting the CCA position, then it may lead to wasting of UE power and resource or increase transmission delay. The reason is that UE will not be able to transmit UL if it starts CCA too late such that there is not enough time to finish the LBT procedure before the scheduled sub-frame. Otherwise, the overhead of reservation signal will be quite large if UE starts CCA too early before the scheduled subframe. Therefore, it is desirable to restrict the uplink CCA location. Considering the agreed CCA duration (25 us), CCA slot (9 us) and possible contention window size for Cat-4 LBT, it seems one or two OFDM symbols are necessary and sufficient for UL CCA. Some options of UL CCA positions are identified as follows.
Opt1: the last symbol of the subframe before the scheduled subframe.

This option is straight forward with very small standardization effort and resource efficient for UL transmission. The last symbol of the subframe before the scheduled subframe if occupied by PDSCH or PUSCH may need to be punctured to accommodate UL CCA. However, both are already supported in current specification. There is still one issue if sounding reference signal (SRS) resource also exists on the last OFDM symbol of the same subframe. A possible solution has been proposed in our companion contribution [6].

Opt2: the first symbol of the scheduled subframe.

In this option, the first symbol of PUSCH needs puncturing. Then the partial UL sub-frame problem will appear and require standardization effort on PUSCH and PUCCH mapping.
Opt3: the last symbol of the subframe before the scheduled subframe and the first symbol of the scheduled subframe.
This option allows a larger contention window size for Cat-4 LBT. However, similar to Opt2, uplink partial subframe problem needs to be solved.

In general, we think one or two OFDM symbols are necessary and sufficient for UL CCA. There exists a special case when the downlink ending with a partial subframe, a number of idle OFDM symbols may exist before the start of the first uplink subframe. In this case, a larger contention window size LBT should be considered.

Proposal 1: It is recommended the last symbol of the subframe before the scheduled subframe is used for UL CCA. In the case where there are OFDM symbols following an ending DL partial subframe right before the scheduled UL subframe, those OFDM symbols are used for UL CCA.
2.2 LBT Options
Some LBT procedures have been agreed for UL LBT in RAN1 #84 meeting: a CCA duration of at least 25us before the transmission burst and a Cat-4 LBT scheme. In the following, we discuss in details of each procedure and investigate their performance by simulation. 
Case1-1: One-shot LBT 

In this case, UE may transmit on LAA SCell, after sensing the channel for a CCA duration of at least 25us. One-shot LBT has simple procedure and a fixed starting position for CCA. A fixed starting position of CCA may cause unfairness of channel access among asynchronous LAA UEs. The reason is that the relatively large timing delay caused by the asynchronization would causes one UE always start the LBT later than some others and therefore may constantly lose in LBT competition with high possibility.

Case1-2: Enhanced one-shot LBT
In this case, the CCA starting position of UE can be randomly selected in the pre-defined CCA slots where the first successful CCA duration of 25us allows UE occupying this unlicensed carrier. Compared to Case1-1, Case1-2 provides different CCA starting positions for different UEs to solve unfairness problem caused by UE timing difference.
Case2:  Shorted Cat-4

Shorted Cat-4, where the UE should sense the channel following a similar procedure with DL Cat-4 except that a shorted CWS set of, e.g. If LBT is performed within one OFDM symbol, the maximum contention window size can be select from X={3, 4, 5} while if LBT is performed within two OFDM symbols, the maximum contention window size can be select from X={3, 4, 5, 6, 7, 8, 9, 10, 11, 12}. Shorted Cat-4 largely reduces the back-off. On the other hand, variable CWS can provide relatively fair co-existence as compared to one-shot LBT.
We provide the evaluation results for an indoor deployment of LAA+LAA with FTP traffic. Note that the CCA is restricted to be within the last symbol of the subframe before the scheduled subframe as discussed in the above section. In addition, in order to avoid the inter-user blocking when multiple UEs are time-division multiplexing (TDM) scheduled for UL transmission, the last symbol of a UL subframe is punctured for next scheduled UE’s CCA. The maximum contention window size X=5 for Case2. Other simulation parameters are listed in Table A-1 of Appendix.
Table 1: Fairness comparison among three cases

	Parameters
	Case1-1
	Case1-2
	Case2

	
	LAA Op1
	LAA Op2
	LAA Op1
	LAA Op2
	LAA Op1
	LAA Op2

	BO
	(%)
	46.544
	64.143
	55.961  
	58.565  
	57.172  
	59.245  

	LBT Victory Ratio
	(%)
	95.380
	66.423
	81.688  
	82.175  
	84.043  
	84.191  

	𝜆
	0.8


Table 1 shows the back-off (BO) and LBT Victory Ratio where LBT Victory Ratio is defined as LBT victory times/LBT times. It is observed that Case1-1 cause unfairness of channel access among asynchronous LAA operators. LAA Operator 2 has lower LBT victory ratio than Operator 1. Both Case1-2 and Case2 achieve fairness between two asynchronous LAA operators. 

Table 2: UPT performance of Case1-2 and Case2
	Parameters
	Case1-2
	Case2

	
	LAA Op1
	LAA Op2
	LAA Op1
	LAA Op2

	UPT CDF

[Mbps]
	5%
	2.474 
	3.700 
	0.624 
	1.352 

	
	50%
	10.067 
	10.231 
	11.532 
	7.539 

	
	95%
	29.029 
	24.636 
	23.594 
	31.721 

	
	Mean
	13.413 
	12.922 
	11.743 
	10.509 

	𝜌
	(%)
	89.809
	87.519
	88.535
	88.136


It is observed that Case1-2 has better performance than that of Case2 as shown in Table 2. The reason is that back-off counter may not decrease to 0 for Case2 within the restricted CCA period, especially in the case of asynchronous LAA operators. 

Proposal 2: Enhanced one-shot LBT can be considered for UL LBT.
2.3 LBT adaptation

As discussed in [7], a frame structure based on Frame Structure type 3 needs to be used for LAA UL. Considering the scheduling nature of UL transmission in LAA SCell, it is quite desirable to have DL subframe(s) before UL subframe(s) on LAA SCell for efficient utilization of unlicensed spectrum. Furthermore, it is suitable to end the DL transmission with partial subframe before the scheduled UL subframe to avoid any PDSCH symbol puncturing. There are also some OFDM symbols before that start of scheduled UL subframe. In this case, if an UL LBT scheme such as one of those in section 2.2 is used right after the ending DL partial subframe, it is highly possible that that UL CCA will be successful. This may give some advantage to LAA UE over other RAT such Wi-Fi nodes during that interval.   
Cat-4 LBT with a larger CW size where CCA region spans more than one OFDM symbols can be considered for the first uplink subframe in a TXOP. And the subsequent scheduled uplink subframes can still use a fast LBT scheme where CCA is restricted to the last symbol before the schedule UL subframe as in section 2.1. For example, for the first uplink subframe in a TXOP, Cat-4 of larger CW size (e.g. CWmax=64) should be performed. For the subsequent uplink subframes, a fast LBT scheme (e.g., enhanced one-shot LBT scheme or Shorted Cat-4 with smaller contention window size, CWmax=3) can be used. 
The performance of LBT adaptation is studied by simulation. Two cases are considered for an indoor deployment of Wi-Fi and LAA co-existence that consist of: always using enhanced one-shot LBT as in section 2.2 and LBT adaptation where the first UL subframe use LBT Cat-4 with CWmax=64 and other subsequent UL subframes use enhanced one-shot LBT. Simulation parameters are showed in Table A-2 of Appendix. Table 3 shows the evaluation results. It is observed that LBT adaptation is good for Wi-Fi performance with performance loss on LAA UL. 

Table 3: Coexistence evaluation results for indoor deployment for UL+DL Wi-Fi with UL LAA with FTP traffic
	Parameters
	Enhanced one-shot LBT
	LBT adaptation

	
	Wi-Fi Opt.1
	LAA Opt.2
	Wi-Fi Opt.1
	LAA Opt.2

	DL
	UPT CDF

[Mbps]
	5%
	11.102
	/
	25.533
	/

	
	
	50%
	20.705
	/
	33.907
	/

	
	
	95%
	37.188
	/
	43.985
	/

	
	
	Mean
	23.828
	/
	35.242
	/

	
	BO
	(%)
	25.313
	/
	14.185
	/

	UL
	UPT CDF

[Mbps]
	5%
	23.011
	2.167
	30.789
	2.669

	
	
	50%
	31.031
	17.816
	39.681
	11.598

	
	
	95%
	42.343
	30.792
	47.730
	28.205

	
	
	Mean
	32.150
	16.822
	39.520
	14.100

	
	𝜌DL
	(%)
	100.00
	/
	100.00
	/

	
	𝜌UL
	(%)
	100.000
	92.152
	99.468
	90.380

	
	BO
	(%)
	36.321
	72.549
	24.151
	74.628

	𝜆
	0.5


Further, the method of LBT adaptation is also suitable for UL multiple sub-frames scheduling scenarios. Assuming that UE1 scheduled with three consecutive UL sub-frames (e.g. SF#n+4, SF#n+5, SF#n+6), 1~2 symbols can be reserved to be blank at the end of a particular subframe for the multiplexed UE2 CCA. Wherein, UE2 scheduled with two consecutive UL sub-frames (e.g. SF#n+5, SF#n+6). At this time, UE1 finishing LBT Cat-4 with CWmax≤7 before the consecutive UL sub-frames and transmission uplink data in scheduled subframe. However, in order to avoid losing channel, UE1 behaviour is as follows in bank symbol of particular subframe:
alt1:  send the reservation signal at certain REs. 
alt2:  perform one-shot LBT.

While UE2 perform LBT Cat-4 with CWmax≤7 before the two consecutive UL sub-frames. In addition, whether the blank symbol is required, or the positions of the blank symbols and/or the particular scheduled can be indicated to UEs by eNB to enable more flexible resource utilization.
Proposal 3: In a TXOP, different CW size could be considered for UL LBT.
2.4 UL LBT Priority Class
In Rel-13 LAA, eNB perform LBT Cat-4 assuming the parameters of one of the LBT priority classes defined and acquires a maximum channel occupancy time (MCOT), as shown in Table 4. 
Table 4: LBT priority class in Rel-13 LAA

	LBT priority class
	CWmin
	CWmax
	n
	MCOT
	Set of CW sizes

	1
	3
	7
	1
	2ms
	{3,7}

	2
	7
	15
	1
	3ms
	{7,15}

	3
	15
	63
	3
	10 or 8 ms
	{15,31,63}

	4
	15
	1023
	7
	10 or 8 ms
	{15,31,63,127,255,511,1023}


Assuming the parameters of LBT priority class in Table 4 is also used for UL LBT, it will reduce the chance to seize the channel and UL system performance as well as the impact of LAA and Wi-Fi system coexistence of fairness because the uplink is based on the base station centralized scheduling. Hence, UL LBT priority class can reuse the DL LBT priority class and parameter. However, it is needed to consider modifying the LBT parameter values corresponding to different priority class, as shown in Table 5.

Table 5: UL LBT priority class

	LBT priority class
	CWmin
	CWmax
	n
	MCOT_U
	Set of CW sizes

	1
	0
	1
	0
	0.5ms
	{0,1}

	2
	1
	2
	0
	1ms
	{1,2}

	3
	2
	3
	1
	2ms
	{2,3}

	4
	3
	7
	1
	2or 4 ms
	{3,4,5,6,7}


Note that: MCOT_U is the UL maximum channel occupancy time. Defer period is equal to fixed CCA time add n*slot. 
Proposal 4: Priority classes can be considered for UL LBT, but it may need to modify the LBT parameter values corresponding to different priority class.
3 Conclusion
In this contribution, we have presented our views on UL LBT for LAA and provided simulation results. In conclusion, we have the following proposals:
Proposal 1: It is recommended the last symbol of the subframe before the scheduled subframe is used for UL CCA. In the case where there are OFDM symbols following an ending DL partial subframe right before the scheduled UL subframe, those OFDM symbols are used for UL CCA.

Proposal 2: Enhanced one-shot LBT can be considered for UL LBT.
Proposal 3: In a TXOP, different CW size could be considered for UL LBT.

Proposal 4: Priority classes can be considered for UL LBT, but it may need to modify the LBT parameter values corresponding to different priority class.
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Appendix

Table A-1: LAA+LAA evaluation assumptions
	Parameter
	value

	Network synchronization
	Asynchronous between different operators.

	CCA position
	CCA within the last symbol of the subframe before the scheduled subframe

	Traffic model
	FTP Model 3, UL-only traffic

file size: 0.1 Mbytes

	TDD UL/DL configuration
	[D U U U U U U U U U]

	Sensing threshold
	CCA-ED  -62 dBm for LAA

	TX power
	18 dBm TX power for LAA UE

	Max LAA burst length
	2 msec

	Multi-subframe scheduling
	Enabled


Table A-2: Wi-Fi+LAA evaluation assumptions
	Parameter
	value

	Traffic model
	FTP Model 3

file size: 0.5 Mbytes

	Sensing threshold
	CCA-CS  -82 dBm for WiFi; CCA-ED  -62 dBm for both WiFi and LAA

	TX power
	18 dBm TX power for LAA UE and WiFi STA
24 dBm TX power for WiFi AP

	Max LAA burst length
	1 msec

	Wi-Fi RTS/CTS
	Enabled

	Multi-subframe scheduling
	Not enable
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