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1 Introduction

As one candidate LBT scheme, frame based LBT as defined in European regulation [1] has been studied and evaluated in the Rel-13 LAA study item. In this contribution, we further discuss the related issues in support of frame-based LBT for LAA. 
2 Discussion
2.1 Pros and Cons for Frame-based LBT 
As one simple LBT scheme, frame based LBT as defined in [1] has following pros and cons [2].

· Pros of frame-based LBT

· Better co-existence to WIFI (target of the LAA SI)
As an FBE eNB can only access the unlicensed channel at the frame boundary, therefore an eNB operating with FBE can be more friendly than another WIFI node, or an eNB operating with LBE. 
· Support of higher frequency reuse (agreed design target for LBT)
When LAA eNBs within an operator are synchronous, the common frame period and CCA slot can be configured, which means that it is possible for the neighbor eNBs to transmit simultaneously, therefore higher frequency reuse is achieved. Depending on the LAA network deployment and experienced WIFI interference, frequency reuse up to one is possible. Note that higher frequency reuse will not only improve the system performance for the data transmission, but is also essential for the DRS transmission [3]. Note that with LBE, higher frequency reuse can hardly be achieved, as discussed in [4]
· Support of UL multiplexing of multiple UEs in one subframe by either FDM multiplexing or MU-MIMO (agreed design target for LBT)
When LAA eNBs within an operator are synchronous, the common frame period and CCA slot can be configured in UL for different UEs which enables the multiplexing of UEs in one subfame by either FDM or MU-MIMO [2][5]. Note that with LBE, such operation can hardly be supported. 

· Minimum implementation and specification impact
From DL only LAA perspective, some essential functionalities which impacts the implementation and specification could be common for FBE and LBE, including the UE time/frequency synchronization, AGC setting, RRM and CSI measurements, DL/UL scheduling and so on. However, LBE requires the design of reservation signal/initial signal, transmission of data/control in a partial subframe (RE mapping, signaling support, etc), which are not needed for FBE. Therefore it can be observed that at least for DL LAA, the required implementation and specification impacts for FBE is much less and can be a subset of that required for LBE. 
· Cons of frame-based LBT

· Limited channel access capability 
As the eNB can only access the unlicensed channel at the frame boundary, the channel access capability for FBE is lower than that for LBE, e.g. in a longer TXOP case. However, FBE supports higher frequency reuse than LBE, which improve the transmission efficiency when the LAA grabs the channel. Therefore the overall system performance of FBE is comparable and in some cases better than that of LBE, as observed in several contributions [6][7][8][9][10]. 
· Methods to enhance the channel access among co-channel LAA operators is to be developed
According to the agreed simulation methodologies, no fairness issue in channel access among co-channel LAA operators was found in the submitted simulation results. However, there are still particular case in which further enhancement to basic FBE is beneficial, for example when multiple co-channel LAA operators are time synchronized. 
Observation 1: Following Pros and Cons are identified for frame based LBT.

· Pros of frame-based LBT

· Better co-existence to WIFI (target of the LAA SI)

· Support of higher frequency reuse (agreed design target for LBT) 

· Support of UL multiplexing of multiple UEs in one subframe by either FDM multiplexing or MU-MIMO (agreed design target for LBT)

· Minimum implementation and specification impact

· Cons of frame-based LBT

· Limited channel access capability 

· Methods to enhance the channel access fairness among co-channel LAA operators is to be developed

2.2 Further analysis on the co-existence of multiple co-channel LAA operators
Different operators sharing the same unlicensed spectrum resource is possible, especially in hot spot areas. When two operators’ network employing frame based LBT are completely synchronous (i.e. time synchronous, same frame period and CCA configuration), the transmission of two operators will collide when both of them have traffic to serve, as two operators identifies the channel availability at the same time. As shown in figure 1, interference issue between two operators will always happen and cannot be solved by LBT. As shown in figure 2, the performance degradation of around 5% is observed for synchronous operation compared to asynchronous operation, between two co-channel LAA operators. Therefore such completely synchronous operation shall be avoided as much as possible in co-channel multi-operator scenario.
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Figure 1: Frame based LBT with completely synchronous operation for two LAA operators
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Figure 2: LAA-LAA co-existence performance in the outdoor scenario with FTP traffic
In real network deployment scenarios, typically asynchronous operation among operators can be assumed since synchronous operation requires additional cost. For FDD operators, the Pcell among different operatos are asynchronous therefore the timing of unlicensed Scell are also asynchronous. For TDD operators, the Pcell among different operator are not necessary to be synchronous if they are using different TDD bands, so the timing of unlicensed Scell can also be asynchronous. 
For TDD operators using the same frequency band for Pcell, tight synchronization shall be applied among operators on the licensed carrier such that the unlicensed carrier shall also be time synchronous. In this case, if DL only is applied for unlicensed Scell, the two operators using FBE can have different time slot for CCA or even different frame period, which is equivalent to an asynchronous LAA operation, therefore the performance is guaranteed. If DL+UL is applied for unlicensed Scell for the time synchronous TDD operators using FBE, the CCA of different operators will collide if the same frame period and UL-DL configuration is used, then potential enhancement of FBE scheme can be beneficial in order to improve the performance. An example of such enhanced FBE scheme is discussed in the next section. 
Observation 2: In most of the deployment scenarios, the LBT operation on unlicensed Scell among co-channel LAA operators using FBE is asynchronous, therefore no co-existence issue will happen. 

Observation 3: In the particular case where the LBE operation on unlicensed Scell among co-channel LAA operators using FBE has to be completely synchronous, i.e. multiple operators using the same TDD band for Pcell and applying UL+DL LAA with same configuration, potential enhancement of FBE scheme can be beneficial. 
2.3 Enhanced FBE scheme
As identified above, in the scenario where LBT operation on the unlicensed Scell has to be completely synchronous, enhancement of the CCA for FBE can be enhanced to avoid the collision of CCA among operators. As a simple solution, the contention window size can be enlarged to include multiple of CCA slots. As an example, assuming the 20us for each CCA slot as defined in [1], the contention window can be defined as 60us such that only 1 OFDM symbol is used and the impact to data/control transmission is minimized. 
Figure 3 shows an example of such enhanced CCA for frame based LBT, the slot for CCA within the contention window is pre-determined or randomly determined in each frame period for each operator. After a successful CCA, the channel is reserved until the end of the contention window. After a failed CCA, the operator cannot transmit on the current frame period and sense the channel at another CCA slot that is selected. 
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Figure 3: Example of enhanced CCA for FBE
Observation  4: An enhanced LBT category 2 scheme can be utilized in the scenario where the co-channel LAA operators are time synchronous. 
3 Conclusion
In this contribution, we further discuss design of frame based LBT for LAA. The above discussion is summarized with following observations and proposals:

Observation 1: Following Pros and Cons are identified for frame based LBT.

· Pros of frame-based LBT

· Better co-existence to WIFI (target of the LAA SI)

· Support of higher frequency reuse (agreed design target for LBT) 

· Support of UL multiplexing of multiple UEs in one subframe by either FDM multiplexing or MU-MIMO (agreed design target for LBT)

· Minimum implementation and specification impact

· Cons of frame-based LBT

· Limited channel access capability 
· Methods to enhance the channel access fairness among co-channel LAA operators is to be developed
Observation 2: In most of the deployment scenarios, the LBT operation on unlicensed Scell among co-channel LAA operators using FBE is asynchronous, therefore no co-existence issue will happen. 

Observation 3: In the particular case where the LBE operation on unlicensed Scell among co-channel LAA operators using FBE has to be completely synchronous, i.e. multiple operators using the same TDD band for Pcell and applying UL+DL LAA with same configuration, potential enhancement of FBE scheme can be beneficial. 
Observation  4: An LBT category 2 scheme can be utilized in the scenario where the co-channel LAA opreators are time synchronous. 
Proposal : LBT category 2 scheme is recommended for LAA, in addition to the already agreed LBT category 4 scheme. 
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Appendix: Simulation results
Table 1: Asynchronous LAA operators; Outdoor Deployment; X=4, Y=1, TXOP=10ms, LBT category 2
	LAA

 LBT

 cat.
	Reported parameters
	Low load

BO range: 10%~25%
	Medium load

BO range: 35%~50%
	High load

BO range:

above 55%

	
	
	LAA

 opt. 1
	LAA 

opt. 2
	LAA opt. 1
	LAA 

opt. 2
	LAA

 opt. 1
	LAA 

opt. 2

	LBT Cat. 2
(i.e. 

LBT without random back-off)
	UPT CDF

[Mbps]
	5%
	5.8
	6.06
	0.48
	0.42
	0.064
	0.055

	
	
	50%
	88.94
	89.94
	15.5
	15.52
	3.62
	3.53

	
	
	95%
	128.1
	128.08
	125.08
	125.08
	63.78
	64.29

	
	
	Mean
	80.1
	80.28
	34.28
	35.26
	13.5
	13.03

	
	Delay CDF

[s]
	5%
	0.0625
	0.0625
	0.0635
	0.0635
	0.1151
	0.1203

	
	
	50%
	0.0889
	0.0869
	0.3705
	0.3723
	1.0738
	1.109

	
	
	95%
	1.0670
	1.0838
	2.668
	2.6902
	3.251
	3.308

	
	
	Mean
	0.2745
	0.2847
	0.7245
	0.7276
	1.3277
	1.3482

	
	𝜌
	0.9696
	0.9776
	0.8599
	0.8456
	0.7052
	0.6818

	
	BO
	10%
	10%
	37.5%
	36.8%
	61.15%
	62.08%

	
	𝜆
	1
	1
	2
	2
	3.6
	3.6

	Additional comments


	FTP model 1, maximum transmission duration is 10ms.

For LAA, the frame based LBT as defined in ETSI EN 301 893 v1.8.0 section 4.8.3.1 is used with frame period of 10ms and CCA time slot of 20us. 
For LAA, traffic is served on the unlicensed carrier only.

For WIFI, RTS/CTS, 256QAM, LDPC codes are not modeled.
Inter-operator synchronization: not synchronized


Table 2: Synchronous LAA operators; Outdoor Deployment; X=4, Y=1, TXOP=10ms, LBT category 2
	LAA

 LBT

 cat.
	Reported parameters
	Low load

BO range: 10%~25%
	Medium load

BO range: 35%~50%
	High load

BO range:

above 55%

	
	
	LAA

 opt. 1
	LAA 

opt. 2
	LAA opt. 1
	LAA 

opt. 2
	LAA

 opt. 1
	LAA 

opt. 2

	LBT Cat. 2
(i.e. 

LBT without random back-off)
	UPT CDF

[Mbps]
	5%
	4.4
	3.72
	0.29
	0.24
	0.057
	0.003

	
	
	50%
	83.82
	77.72
	12.65
	13.89
	3.6
	3.2

	
	
	95%
	127.1
	127.1
	125.08
	123.2
	58.86
	66.43

	
	
	Mean
	75.3
	73.72
	32
	32.1
	12.36
	12.93

	
	Delay CDF

[s]
	5%
	0.0630
	0.0625
	0.0635
	0.0640
	0.1232 
	0.1209

	
	
	50%
	0.0944
	0.1004
	0.4237
	0.4132
	1.1382
	1.1866

	
	
	95%
	1.2916
	1.6084
	2.6123
	2.5278
	3.3285
	3.3391

	
	
	Mean
	0.3146
	0.3472
	0.7747
	0.7536
	1.4502
	1.44

	
	𝜌
	0.9613
	0.9610
	0.8406
	0.8372
	0.6529
	0.6461

	
	BO
	11%
	11.7%
	38.87%
	37.11%
	62.22%
	62.91%

	
	𝜆
	1
	1
	2
	2
	3.6
	3.6

	Additional comments


	FTP model 1, maximum transmission duration is 10ms.

For LAA, the frame based LBT as defined in ETSI EN 301 893 v1.8.0 section 4.8.3.1 is used with frame period of 10ms and CCA time slot of 20us. 
For LAA, traffic is served on the unlicensed carrier only.

For WIFI, RTS/CTS, 256QAM, LDPC codes are not modeled.
Inter-operator synchronization: synchronized
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