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1
Introduction
In RAN#65, Licensed-Assisted Access (LAA) using LTE has been approved as a new Rel-13 study item [1], where unlicensed spectrum is used on secondary cell(s) (either DL-only or UL and DL) through carrier aggregation to complement the primary cell (either FDD or TDD) on licensed spectrum.
In RAN1 ad-hoc meeting in Paris, the following agreements were made, regarding frequency reuse by neighbour LAA cells.
Agreements:
· Enabling frequency reuse for transmission by neighbour LAA cells of the same operator is one target of LAA design

· Above should be taken into account for design of LBT
This contribution discusses the implications of LBT especially on intra-operator LAA-LAA coexistence in the above agreements, particularly, on “Enabling frequency reuse for transmission by neighbour LAA cells of the same operator is one target of LAA design”.
2   Design Issues on FBE & LBE for Reuse-1
For the simplicity of exposition, we first define required additional terms as the following:
Terminology for this contribution
· COT (Channel Occupancy Time)

· N_ConTx: The number of concurrent transmissions which is averaged across simulation run time
By the virtue of licensed spectrum, the operation of LTE has been designed to support reuse-1 between cells. Meanwhile, wireless communication system for unlicensed spectrum should be designed to meet corresponding regulation requirements to support coexistence with different systems. Two LBT operational requirements, FBE and LBE from [3] have been studied in RAN1. Each equipment type has its own pros and cons from the capacity and coexistence perspectives. In this paper, two operations will be analysed with respect of enabling frequency reuse-1. It should be noted that tight synchronization between intra-operator cell is assumed as a common condition for reuse-1.
The FBE has a natural reuse-1 feature since the timing of CCA is already aligned right before the starting of frame period. However resource may not be utilized efficiently when channel is busy at the CCA since the next CCA opportunity comes after the designated periodicity. The longer time interval between CCA timings might result in a low opportunity to grasp the channel.
The LBE is regulated to perform extended CCA (ECCA) after first CCA fails. ECCA period is defined across multiple contiguous CCA slots. The LBE can listen for idle state during ECCA as counting down the backoff counter which was randomly chosen. The randomness of backoff counter is a key for efficient coexistence with other systems. However the random backoff is a cause to preclude reuse-1 feature in LBE, since CCA blocking between the cells.
To compare FBE and LBE from the coexistence and capacity point of view, the system should be configured carefully to provide sufficient level of fairness. In this paper, details of FBE/LBE operation and assumption for evaluation will be described. For more detailed study, our companion contribution [4] would be helpful.
2.1
LBT operation on FBE frame structure
Frame structure of FBE
As shown in Figure 1, FBE has a notion of fixed and periodic frame period comprising channel occupancy time (COT) and idle period. The COT can be fixed between 1ms and 10ms in the system and the idle period is at least 5% of the COT. Single CCA is located at the end of idle period. The size of a CCA time unit should be at least 20 usec. We configure the CCA time unit as 20 usec. COT will be configured as 9.5 ms to observe the maximum effect from reuse-1. Idle period is set as 0.5 ms to fit to the fixed frame period (10 ms) to be aligned with LTE frame structure.
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Figure 1: Frame structure of FBE
Operation and assumption for FBE
The FBE, to acquire channel for transmission, should perform CCA at CCA timing located right before the COT. If channel is not busy at the CCA, the FBE can transmit control/data signal within the COT. Otherwise the FBE waits for upcoming CCA timing and performs carrier sensing again. We assume that there is no chance for FBE devices to sense other LAA signal at CCA slot since they are synchronized with sufficient accuracy. Inter-PLMN scenario is not considered for evaluation in this paper. Even though FBE provides frame structure and operation for reuse-1 transmission, reuse-1 is achievable for transmitters only with a traffic load. Therefore the number of concurrent transmissions (N_ConTx) may be smaller than the number of total transmitters when the traffic load is low. In other words, high reuse-1 gain is expected when the traffic load is high.
2.2 LBT operation on LBE frame structure
Frame structure of LBE
Figure 2 shows the basic operation of LBE. Equipment performs initial CCA when it has data to transmit. If the equipment finds the channel to be clear, it transmits data immediately. On the other hand, if the equipment finds the channel to be busy, it performs ECCA. That is, the equipment chooses a random number N in [1, q] and will start transmission after observing N clear CCA slots. In this contribution, we assume that the value of q is equal to [24]. Hence, LAA eNB chooses a random number for ECCA within [1, 24] and the COT is up to [9.75] ms according to given regulation requirement [3]. For evaluation purpose, 9.5 ms COT is defined. Note that the length of a CCA/ECCA slot is set to 20 us, which is the same as in FBE.
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Figure 2: Frame structure of LBE
Operation and assumption for LBE
· Option 1: Normal LBE (w/ energy detection)
· Option 1 is exactly the same as the baseline operation of LBE. Especially, LAA eNB performs CCA and ECCA by comparing the total interference from both LAA and Wi-Fi with a given CCA threshold. Hence, it can happen that the transmission of LAA eNB blocks the transmission opportunities of neighbor LAA eNBs, and consequently frequency reuse-1 is hardly supported.
· Option 2: LBE w/ intra-RAT detection
· We assume that LAA eNB can distinguish the source (i.e., LAA or Wi-Fi) of received signals. Moreover, the eNB ignores the interference from neighbor LAA eNBs when it performs CCA. Therefore, the eNB judges the channel is clear if the total interference from only Wi-Fi nodes is greater than a given CCA threshold.

· By doing so, the transmission of LAA eNB does not block the transmission opportunities of neighbor LAA eNBs so that frequency reuse-1 can be achieved. Note that the intention of Option 2 is to investigate the performance of LBE when frequency reuse-1 is supported, even though it only represents an ideal situation.
· Option 3: LBE w/ backoff counter coordination
· Option 2 may not be possible due to required physical complexity on intra-RAT detection. Another way for reuse-1 is the coordination between eNBs to align their random backoff counters. This option may require dynamic network protocol to coordinate eNBs so high network overheads and latency are expected. In addition, control of all eNB’s backoff counter may result in loss of access opportunity, since each eNB may find different channel status (busy or clear) but all of them operate depending on the same backoff counter. Further study is required to deal with the uncertainty of option 3. Therefore, we did not evaluate on option 3 in this paper.
3   Simulation Results
Simulation assumptions

In this clause, initial simulation results are shown to compare DL-only scenarios including FBE and LBE option 1/2. Inter-PLMN scenario is not considered to focus just on reuse-1 issues so we assume that all cells are tightly synchronized. We choose single channel scenario because difference between FBE and LBE will be more noticeable in the dense deployment. 

For channel measurement and report, we configure 2 ms delay to report CSI on measured channel at every subframe to minimize CSI mismatch. We don’t assume any enhancement for measurement to distinguish the state whether or not eNB are transmitting on the acquired channel.
We consider FTP3 traffic model and all generated packets will be served on the unlicensed carrier. Performance metrics such as UPT, delay and N_ConTx are collected in low and high load situation. N_ConTx stands for the average number of concurrent transmissions per subframe. It is highly correlated to the areal capacity especially for opportunistic access scheme. As stated in clause 2.1, FBE or LBE option 2 cannot always ensure concurrent transmission according to traffic load. In this sense, N_ConTx can be a meaningful metric when traffic load is high and almost of eNBs are ready anytime for transmission. In other words, higher N_ConTx means more efficient system which may lead to better coexistence with Wi-Fi system.
For fair comparison between FBE and LBE, all scenarios have common assumptions and configuration in addition to parameters in Appendix A as follows: 
· COT (Channel Occupancy Time): 9.5 ms
· λ (lambda): 
	
	Low load

BO in Wi-Fi in Step 1: 17%
	Medium load

BO in Wi-Fi in Step 1: 42%
	High load

BO in Wi-Fi in Step 1: 74%
	Very high load

BO in Wi-Fi in Step 1: 94%

	𝜆
	0.4
	0.55
	0.7
	1.0


Analysis on performance results
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Figure 3: UPT performance of LAA in step 2
First, the performance of LAA in the LAA/Wi-Fi coexistence scenario (i.e., step 2) is shown in Figure 3. Basically, LBE option 1(i.e., normal LBE) and LBE option 2 (i.e., frequency reuse among LAA cells) have a higher UPT than FBE. In addition, LBE option 2 has a higher UPT than LBE option 1. In particular, the UPT gain of LBE option 2 compared to LBE option 1 in the high load case is 12.6 %, and the UPT gain in the very high load case is 22.1 %. Hence, we can find that the performance of LBE option 2 in terms of LAA UPT is more attractive as load becomes heavier.

In LBE option 2, we assume that LAA eNB can distinguish the source (i.e., LAA or Wi-Fi) of interference. Moreover, judging the channel is clear or busy is only based on the interference from Wi-Fi. Therefore, multiple LAA eNBs are allowed to transmit simultaneously though they can hear each other (i.e., frequency reuse-1) while such operation is not supported in LBE option 1. The data about the number of concurrent transmissions in Appendix C also support this phenomenon. Therefore, we can conclude that achieving the frequency reuse-1 among LBE-based LAA cells can be one method to increase LAA UPT significantly.

Note that we herein focus on the effect of the frequency reuse-1 among LBE-based LAA cells on the performance. The issue on how to make this feasible will be studied further.

Observation 1: Achieving the frequency reuse-1 among LBE-based LAA cells can be one method to increase LAA UPT significantly.
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Figure 4: UPT performance of Wi-Fi in step 2
Next, the performance of Wi-Fi in the LAA/Wi-Fi coexistence scenario is shown in Figure 4. Basically, FBE has a higher UPT than LBE options 1 and 2. In addition, the Wi-Fi UPT of LBE option 2 is the almost same as that of LBE option 1. We herein can find an interesting aspect of LBE option 2. In general, there is a trade-off between LAA UPT and Wi-Fi UPT when LAA and Wi-Fi coexist. However, in LBE option 2, the Wi-Fi UPT is not decreased much (even increased in some cases) compared to LBE option 1, although the LAA UPT is significantly increased.

Observation 2: If the frequency reuse-1 is supported as in LBE option 2, it is possible that the LAA performance is enhanced in terms of UPT while the Wi-Fi performance is not degraded compared to the normal LBE.

Let’s discuss further on the above interesting observation. As shown in Figure 4, the Wi-Fi UPT of LBE option 2 is higher than that of LBE option 1 in the low/middle/high load cases. Please note that the LAA UPT of LBE option 2 is greater than that of LBE option 1, as illustrated in Figure 3, on the virtue of the frequency reuse-1. Therefore, multiple LAA eNBs serve the traffic simultaneously and quickly so that Wi-Fi has more time for its transmission. This can be considered to be a positive impact of the frequency reuse-1 among LBE-based LAA cells on the Wi-Fi performance.

On the other hand, in the very high load case, LBE option 2 has a lower Wi-Fi UPT compared to LBE option 1. Here both LAA and Wi-Fi have very heavy traffic so that they may access the channel frequently. However, in LBE option 2 with the frequency reuse-1 capability, it should be difficult for Wi-Fi to pass a CCA check since it receives the interference from multiple LAA eNBs, which couldn’t transmit simultaneously in the normal LBE. This can be considered to be a negative impact of the frequency reuse-1 among LBE-based LAA cells on the Wi-Fi performance. As a result, the Wi-Fi UPT of LBE option 2 is slightly degraded compared to that of LBE option 1 in the very high load case.

Observation 3: There are both positive and negative impacts of the frequency reuse-1 among LBE-based LAA cells on the performance of Wi-Fi.

· Positive impact: Multiple LAA eNBs can serve the traffic simultaneously and quickly so that Wi-Fi can enjoy more time for its transmission thereby enhancing the WiFi performance.
· Negative impact: It becomes difficult for Wi-Fi to pass a CCA check since it receives the interference from multiple LAA eNBs, which can transmit simultaneously in LBE re-use 1 as compared to normal LBE in which only one eNB would have transmitted at a time.

Proposal 1: Based on the identified observations, further study on reuse-1 is required under the considerations of LAA performance and fair coexistence with Wi-Fi.
4   Conclusion
Based on the discussion and identified observations in this contribution, we propose followings:
Observation 1: Achieving the frequency reuse-1 among LBE-based LAA cells can be one method to increase LAA UPT significantly.
Observation 2: If the frequency reuse-1 is supported as in LBE option 2, it is possible that the LAA performance is enhanced in terms of UPT while the Wi-Fi performance is not degraded compared to the normal LBE.
Observation 3: There are both positive and negative impacts of the frequency reuse-1 among LBE-based LAA cells on the performance of Wi-Fi.

· Positive impact: Multiple LAA eNBs can serve the traffic simultaneously and quickly so that Wi-Fi can enjoy more time for its transmission thereby enhancing the WiFi performance.

· Negative impact: It becomes difficult for Wi-Fi to pass a CCA check since it receives the interference from multiple LAA eNBs, which can transmit simultaneously in LBE re-use 1 as compared to normal LBE in which only one eNB would have transmitted at a time.

In summary, frequency reuse-1 among LBE-based LAA cells can improve the LAA performance compared to the normal LBE. In addition, it also has an opportunity to improve the Wi-Fi performance if the trade-off between the positive and negative impacts is well resolved. Therefore, RAN1 is kindly requested to discuss the LBE re-use 1 for performing LBT in LAA.
Proposal 1: Based on the identified observations, further study on reuse-1 is required under the considerations of LAA performance and fair coexistence with Wi-Fi.
Appendix A
Simulation parameters
	Parameter
	Value

	Layout
	Indoor

	Number of unlicensed band carrier
	1

	Number of UEs
	10

	Traffic model
	FTP Model 3

	LAA channel coding
	no 256 QAM

	MIMO
	1Tx 2Rx

	CCA threshold (ED)
	- 62 dBm

	CCA threshold (PD)
	- 82 dBm

	LAA CCA/ECCA slot length
	20 usec

	Wi-Fi MPDU size
	1,500 bytes

	Wi-Fi CCA slot length
	9 usec

	Wi-Fi TXOP
	3 ms

	Wi-Fi channel coding
	LDPC


Appendix B
Performance results
[Table 1] Performance results from FBE

	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: 
above 55%
	Very high load

BO range for Wi-Fi in Step 1: 
above 90%

	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	UPT CDF

[Mbps]
	5%
	3.28
	6.62
	14.65
	0.89
	3.48
	8.55
	0.37
	1.69
	4.07
	0.20
	0.35
	0.60

	
	50%
	28.67
	42.41
	56.93
	14.94
	32.74
	38.40
	2.86
	23.31
	26.22
	0.92
	3.12
	10.23

	
	95%
	54.77
	56.80
	72.46
	45.28
	56.54
	71.50
	26.48
	54.69
	70.07
	17.7
	40.39
	60.27

	
	Mean
	29.83
	39.35
	49.95
	17.01
	31.94
	40.35
	7.78
	24.90
	31.78
	3.40
	9.72
	17.64

	Delay CDF

[s]
	5%
	0.073
	0.070
	0.058
	0.088
	0.071
	0.059
	0.15
	0.073
	0.060
	0.23
	0.099
	0.069

	
	50%
	0.14
	0.094
	0.073
	0.27
	0.12
	0.11
	1.26
	0.17
	0.16
	3.97
	1.03
	0.39

	
	95%
	0.66
	0.32
	0.28
	2.38
	0.59
	0.47
	6.56
	1.17
	0.93
	11.21
	6.37
	5.03

	
	Mean
	0.21
	0.13
	0.11
	0.65
	0.19
	0.17
	1.99
	0.34
	0.29
	4.55
	1.85
	1.09

	𝜌
	0.96
	0.94
	1.00
	0.92
	0.94
	1.00
	0.80
	0.90
	1.00
	0.57
	0.80
	0.92

	BO
	0.17
	0.12
	0.10
	0.42
	0.21
	0.18
	0.74
	0.34
	0.31
	0.94
	0.77
	0.63

	N_ConTx
	NA
	NA
	0.23
	NA
	NA
	0.35
	NA
	NA
	0.47
	NA
	NA
	0.65

	𝜆
	0.4
	0.55
	0.7
	1.0


[Table 2] Performance results from LBE option1 (w/ only energy detection)
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: 
above 55%
	Very high load

BO range for Wi-Fi in Step 1: 
above 90%

	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	UPT CDF

[Mbps]
	5%
	3.28
	4.63
	24.23
	0.89
	2.14
	17.78
	0.37
	0.71
	12.05
	0.20
	0.14
	6.58

	
	50%
	28.67
	35.41
	61.50
	14.94
	25.07
	50.32
	2.86
	12.17
	39.19
	0.92
	1.74
	27.94

	
	95%
	54.77
	56.75
	73.89
	45.28
	54.81
	73.76
	26.48
	51.53
	73.34
	17.7
	28.5
	67.39

	
	Mean
	29.83
	34.81
	56.57
	17.01
	26.78
	49.74
	7.78
	16.75
	40.86
	3.40
	6.12
	31.30

	Delay CDF

[s]
	5%
	0.073
	0.070
	0.057
	0.088
	0.073
	0.057
	0.15
	0.077
	0.058
	0.23
	0.14
	0.063

	
	50%
	0.14
	0.11
	0.069
	0.27
	0.16
	0.083
	1.26
	0.30
	0.11
	3.97
	1.70
	0.15

	
	95%
	0.66
	0.40
	0.17
	2.38
	0.73
	0.23
	6.56
	2.16
	0.34
	11.21
	9.27
	0.61

	
	Mean
	0.21
	0.15
	0.087
	0.65
	0.25
	0.11
	1.99
	0.60
	0.14
	4.55
	2.86
	0.23

	𝜌
	0.96
	0.96
	1.00
	0.92
	0.93
	1.00
	0.80
	0.87
	1.00
	0.57
	0.64
	1.00

	BO
	0.17
	0.14
	0.08
	0.42
	0.26
	0.13
	0.74
	0.48
	0.20
	0.94
	0.86
	0.36

	N_ConTx
	NA
	NA
	0.23
	NA
	NA
	0.34
	NA
	NA
	0.46
	NA
	NA
	0.70

	𝜆
	0.4
	0.55
	0.7
	1.0


[Table 3] Performance results from LBE option 2 (w/ intra-RAT detection)
	Reported parameters
	Low load

BO range for Wi-Fi in Step 1: 10%~25%
	Medium load

BO range for Wi-Fi in Step 1: 35%~50%
	High load

BO range for Wi-Fi in Step 1: 
above 55%
	Very high load

BO range for Wi-Fi in Step 1: 
above 90%

	
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2
	Wi-Fi in

step 1
	Wi-Fi in

step 2
	LAA

in

step 2

	UPT CDF

[Mbps]
	5%
	3.28
	4.46
	26.71
	0.89
	1.92
	20.35
	0.37
	0.72
	16.59
	0.20
	0.15
	11.60

	
	50%
	28.67
	35.62
	64.33
	14.94
	25.16
	54.34
	2.86
	12.94
	45.53
	0.92
	1.54
	36.09

	
	95%
	54.77
	56.76
	73.89
	45.28
	54.83
	73.80
	26.48
	52.41
	73.54
	17.7
	25.41
	72.33

	
	Mean
	29.83
	35.11
	58.68
	17.01
	26.94
	52.44
	7.78
	17.23
	46.04
	3.40
	5.43
	38.22

	Delay CDF

[s]
	5%
	0.073
	0.070
	0.057
	0.088
	0.073
	0.057
	0.15
	0.076
	0.057
	0.23
	0.16
	0.058

	
	50%
	0.14
	0.11
	0.066
	0.27
	0.16
	0.078
	1.26
	0.29
	0.092
	3.97
	2.06
	0.12

	
	95%
	0.66
	0.39
	0.16
	2.38
	0.73
	0.20
	6.56
	2.29
	0.25
	11.21
	8.98
	0.36

	
	Mean
	0.21
	0.15
	0.082
	0.65
	0.24
	0.098
	1.99
	0.60
	0.12
	4.55
	3.01
	0.15

	𝜌
	0.96
	0.94
	1.00
	0.92
	0.92
	1.00
	0.80
	0.88
	1.00
	0.57
	0.65
	1.00

	BO
	0.17
	0.14
	0.08
	0.42
	0.25
	0.12
	0.74
	0.47
	0.17
	0.94
	0.87
	0.29

	N_ConTx
	NA
	NA
	0.25
	NA
	NA
	0.36
	NA
	NA
	0.49
	NA
	NA
	0.81

	𝜆
	0.4
	0.55
	0.7
	1.0


Appendix C
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Figure 5: The average number of concurrent transmissions by eNB
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