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1. Introduction

In RAN1#78bis, Listen-before-talk (LBT) and Discontinuous transmission on a carrier with limited maximum transmission duration were agreed as required at least to meet regulatory requirements in some regions/bands for an LAA system [1]. In RAN1#79, almost all parameters for DL only coexistence evaluations were agreed and captured in [2],[3]. Remaining issue such as load factor (e.g., buffer occupancy (BO)) was discussed on the RAN1 email reflector. Based on agreements, in this contribution, we provide initial simulation results for several LBT schemes and draw observations on coexistence performance of DL LAA.
2. LBT schemes
According to the EU regulation [4], there are two types of LBT schemes, which are frame based equipment (FBE) and load based equipment (LBE). We suggest details of FBE-based and LBE-based LBT schemes for LAA DL in another LG paper [5]. In this section, we briefly introduce how they operate in the evaluation assumption.
2.1. FBE-based DL LBT operation
Figure 1 depicts illustrations of LAA frame structure with FBE-based DL LBT operation. The LBT procedure is defined as a mechanism by which an equipment applies a clear channel assessment (CCA) check before using the channel [3]. We assume that CCA is performed just before subframe boundary during CCA slot with 4 ms period. If the channel is assessed to be idle, LAA eNB starts to transmit data for 4 subframes. Such a continuous transmission per each LBT operation is referred as to TX burst. In Figure 1(a), a TX burst consists of only normal subframes. So, whenever the eNB completes to transmit a TX burst, it has to wait for 1 ms to transmit next TX burst, which leads to 25% overhead. In oder to reduce the overhead, we consider transmitting a fixed-length partial subfame at the last subframe of each TX burst as shown in Figure 1(b). In detail, for the last 3 OFDM symbol duration in the last subframe of a TX burst, LAA eNB does not transmit any signal considering 5% idle time defined in [4], which leads to make consecutive TX burst transmission possible. Note that in Appendix A, we provide the evaluation results comparing FBE using only normal subframe with FBE using fixed-length partial subframe. From the results of Appendix A, we can observe that if the eNB uses only normal subframe, the LAA perforamnce is significantly degraded because the idle period is so long that eNBs are deprived of the chance to grab the channel. Therefore, we consider the FBE scheme transmitting a fixed-length partial subfame at the last subframe of each TX burst in the all following simulations.
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Figure 1. Illustrations of LAA frame structure with FBE-based DL LBT operation
2.2. LBE-based DL LBT operation
Figure 2 depicts illustrations of LAA frame structure with LBE-based DL LBT operation. If LAA eNB has data to send, it performs carrier sensing. Even though CCA (or extended CCA) is completed, LAA eNB has to transmit some signal to reserve the channel until the next subframe boundary. Similar to FBE based transmission, there are two options. One is to use only normal subframes in a TX burst as shown in Figure 2(a), and the other is to allow a fixed-length partial subframe at the last subframe of each subframe as shown in Figure 2(b). If a continuos transmission time (including reservation signal) via an LBT operation is limited to 4 ms and reservation signal is transmitted until the next subframe boundary, in the case of the first option, the length of a TX burst is limited up to 3 subframes and the reservation signal may be transmitted during 1 ms in the worst case. On the other hand, in the case of the second option, LAA eNB does not transmit data for the last 3 OFDM symbol duration in the last subframe of a TX burst. Then, it performs CCA check for the next TX burst. If CCA (or extended CCA) is completed within 3 OFDM symbol duration, following TX burst can be occured consecutively and it can be composed of 4 subframes differently from the first option.
Another option is to allow to start a TX burst at any OFDM symbol boundary including subframe boundary. This can lead to using wireless resource more efficiently since the length of reservation signal can be reduced.

Note that in Appendix A, we provide the evaluation results comparing LBE using only normal subframe and LBE using fixed-length partial subframe as well as another LBE scheme which is permitted to start a TX burst at any OFDM symbol boundary. From the results of Appendix A, we can observe that if only normal subframe is used, both of WiFi and LAA performance are considerably degraded due to shorther length of a TX burst and interference increase caused by longer duration of reservation signal. Therefore, we exclude the LBE scheme usinig only normal subframe in the all following simulations.
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Figure 2. Illustrations of LAA frame structure with LBE-based DL LBT operation
3. Evaluation results
In this section, we provide initial results evaluating the performance gains of each LBT scheme explained in Section 2 and [5]. Detailed simulation assumptions are shown in Appendix B.

3.1. LAA-WiFi coexistence scenario
At first, we consider the scenario that operator #1 deploys LAA and operator #2 deploys WiFi. One of the design targets of an LAA system is the effective and fair coexistence with WiFi, which means that LAA may not impact Wi-Fi services more than an additional Wi-Fi network on the same carrier, with respect to throughput and latency. Thus, we have to check whether LAA guarantees WiFi performance or not and have to observe which LBT scheme is superior to others with respect to LAA performance.
3.1.1. Indoor case

The evaluation results for indoor case are shown in the next set of figures. The packet drops of each LAA UE (or WiFi STA) follow Poisson distribution with packet arrival rate (). The range of packet arrival rate is adjusted to cover BO from 20% to 60% in the case of the baseline which is WiFi only scenario. In the following results, “LBE” indicates and LBE-based DL LBT operation with the limitation that a TX burst has to start at subframe boundary. In addition, “LBE_flexible” indicates LBE-based DL LBT operation with allowing to start a TX burst at any OFDM symbol boundary.
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Figure 3. BO of LAA w.r.t. 
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Figure 4. BO of WiFi w.r.t. 
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Figure 5. Average UPT of LAA w.r.t. 
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Figure 6. Average UPT of WiFi w.r.t. 
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Figure 7. UPT CDF of LAA with 
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Figure 8. UPT CDF of WiFi with 
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Figure 9. Latency CDF of LAA with 
	
[image: image12]
Figure 10. Latency CDF of WiFi with 


For indoor case, the results of UPT gains and latency gains are summarized in Tables 1 and 2. Note that low/mid/high load indicates 20%/40%/60% BO for baseline scheme, respectively.
Table 1. UPT gains for indoor case
	
	
	UPT gains
	BO

	
	
	Mean
	5%ile
	50%ile
	95%ile
	

	WiFi with LAA (FBE)
	0.5 (Low load)
	34%
	41%
	36%
	24%
	13.6%

	
	0.65 (Mid load)
	112%
	350%
	122%
	53%
	22.5%

	
	0.75 (High load)
	231%
	1434%
	344%
	77%
	31.6%

	WiFi with LAA (LBE)
	0.5 (Low load)
	5%
	2%
	3%
	7%
	19.4%

	
	0.65 (Mid load)
	25%
	8%
	24%
	21%
	38.8%

	
	0.75 (High load)
	44%
	5%
	58%
	26%
	55.7%

	WiFi with LAA (LBE_flexible)
	0.5 (Low load)
	6%
	4%
	5%
	8%
	18.8%

	
	0.65 (Mid load)
	31%
	57%
	31%
	21%
	37.2%

	
	0.75 (High load)
	54%
	32%
	74%
	31%
	53.9%

	LAA (FBE) with WiFi
	0.5 (Low load)
	38%
	36%
	36%
	38%
	15.3%

	
	0.65 (Mid load)
	104%
	270%
	104%
	68%
	27.5%

	
	0.75 (High load)
	201%
	622%
	288%
	93%
	39.9%

	LAA (LBE) with WiFi
	0.5 (Low load)
	52%
	64%
	50%
	46%
	12.6%

	
	0.65 (Mid load)
	128%
	317%
	133%
	85%
	22.4%

	
	0.75 (High load)
	262%
	1565%
	345%
	123%
	30.0%

	LAA (LBE_flexible) with WiFi
	0.5 (Low load)
	59%
	75%
	58%
	52%
	12.0%

	
	0.65 (Mid load)
	142%
	372%
	147%
	92%
	21.0%

	
	0.75 (High load)
	287%
	1719%
	378%
	133%
	28.5%


Table 2. Latency gains for indoor case
	
	Lambda
	Latency gains
	BO

	
	
	Mean
	5%ile
	50%ile
	95%ile
	

	WiFi with LAA (FBE)
	0.5 (Low load)
	44%
	30%
	40%
	48%
	13.6%

	
	0.65 (Mid load)
	80%
	50%
	69%
	87%
	22.5%

	
	0.75 (High load)
	88%
	57%
	86%
	91%
	31.6%

	WiFi with LAA (LBE)
	0.5 (Low load)
	8%
	7%
	2%
	9%
	19.4%

	
	0.65 (Mid load)
	26%
	22%
	23%
	25%
	38.8%

	
	0.75 (High load)
	25%
	24%
	40%
	12%
	55.7%

	WiFi with LAA (LBE_flexible)
	0.5 (Low load)
	12%
	11%
	5%
	16%
	18.8%

	
	0.65 (Mid load)
	38%
	25%
	28%
	46%
	37.2%

	
	0.75 (High load)
	37%
	27%
	46%
	25%
	53.9%

	LAA (FBE) with WiFi
	0.5 (Low load)
	37%
	34%
	30%
	40%
	15.3%

	
	0.65 (Mid load)
	73%
	53%
	60%
	79%
	27.5%

	
	0.75 (High load)
	75%
	60%
	80%
	72%
	39.9%

	LAA (LBE) with WiFi
	0.5 (Low load)
	52%
	42%
	46%
	60%
	12.6%

	
	0.65 (Mid load)
	79%
	60%
	73%
	90%
	22.4%

	
	0.75 (High load)
	91%
	69%
	88%
	95%
	30.0%

	LAA (LBE_flexible) with WiFi
	0.5 (Low load)
	55%
	44%
	49%
	63%
	12.0%

	
	0.65 (Mid load)
	83%
	62%
	74%
	91%
	21.0%

	
	0.75 (High load)
	92%
	71%
	89%
	95%
	28.5%


As shown in above figures and tables, we can observe that all the evaluated LAA schemes guarantee the performance of the coexisting WiFi better than that of the baseline scheme in terms of throughput as well as latency. We can also observe that in the WiFi performance aspect, FBE is better than LBE, on the other hand, in the LAA performance aspect, LBE is more beneficial than FBE. In addition, we can observe that LBE_flexible can improve the system performance over LBE.
3.1.2. Outdoor case
The simulation results for outdoor case are shown as follows.
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Figure 11. BO of LAA w.r.t. 
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Figure 12. BO of WiFi w.r.t. 
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Figure 13. Average UPT of LAA w.r.t. 
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Figure 14. Average UPT of WiFi w.r.t. 
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Figure 15. UPT CDF of LAA with 
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Figure 16. UPT CDF of WiFi with 
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Figure 17. Latency CDF of LAA with 
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Figure 18. Latency CDF of WiFi with 


For outdoor case, the results of UPT gains and latency gains are summarized in Tables 3 and 4.

Table 3. UPT gains for outdoor case

	
	
	UPT gains
	BO

	
	
	Mean
	5%ile
	50%ile
	95%ile
	

	WiFi with LAA (FBE)
	0.35 (Low load)
	31%
	161%
	28%
	14%
	9.8%

	
	0.5 (Mid load)
	75%
	1196%
	86%
	28%
	24.1%

	
	0.65 (High load)
	108%
	934%
	240%
	34%
	43.3%

	WiFi with LAA (LBE)
	0.35 (Low load)
	15%
	105%
	11%
	5%
	12.4%

	
	0.5 (Mid load)
	33%
	532%
	40%
	10%
	31.4%

	
	0.65 (High load)
	34%
	418%
	85%
	8%
	53.8%

	WiFi with LAA (LBE_flexible)
	0.35 (Low load)
	16%
	115%
	12%
	5%
	12.0%

	
	0.5 (Mid load)
	38%
	654%
	45%
	12%
	30.4%

	
	0.65 (High load)
	39%
	524%
	99%
	6%
	52.9%

	LAA (FBE) with WiFi
	0.35 (Low load)
	42%
	175%
	36%
	26%
	13.1%

	
	0.5 (Mid load)
	89%
	1614%
	100%
	41%
	27.8%

	
	0.65 (High load)
	139%
	2357%
	290%
	55%
	44.5%

	LAA (LBE) with WiFi
	0.35 (Low load)
	52%
	188%
	51%
	32%
	12.6%

	
	0.5 (Mid load)
	121%
	1680%
	138%
	53%
	24.6%

	
	0.65 (High load)
	232%
	3783%
	470%
	76%
	35.5%

	LAA (LBE_flexible) with WiFi
	0.35 (Low load)
	59%
	190%
	56%
	37%
	12.7%

	
	0.5 (Mid load)
	132%
	1684%
	151%
	60%
	24.0%

	
	0.65 (High load)
	250%
	5690%
	511%
	85%
	34.6%


Table 4. Latency gains for outdoor case

	
	
	Latency gains
	BO

	
	
	Mean
	5%ile
	50%ile
	95%ile
	

	WiFi with LAA (FBE)
	0.35 (Low load)
	70%
	19%
	37%
	75%
	9.8%

	
	0.5 (Mid load)
	75%
	34%
	61%
	89%
	24.1%

	
	0.65 (High load)
	61%
	33%
	73%
	40%
	43.3%

	WiFi with LAA (LBE)
	0.35 (Low load)
	60%
	6%
	17%
	65%
	12.4%

	
	0.5 (Mid load)
	60%
	13%
	36%
	75%
	31.4%

	
	0.65 (High load)
	37%
	3%
	48%
	18%
	53.8%

	WiFi with LAA (LBE_flexible)
	0.35 (Low load)
	61%
	7%
	19%
	66%
	12.0%

	
	0.5 (Mid load)
	62%
	16%
	41%
	78%
	30.4%

	
	0.65 (High load)
	41%
	4%
	49%
	24%
	52.9%

	LAA (FBE) with WiFi
	0.35 (Low load)
	58%
	27%
	37%
	65%
	13.1%

	
	0.5 (Mid load)
	79%
	38%
	63%
	88%
	27.8%

	
	0.65 (High load)
	74%
	45%
	79%
	69%
	44.5%

	LAA (LBE) with WiFi
	0.35 (Low load)
	58%
	32%
	49%
	46%
	12.6%

	
	0.5 (Mid load)
	81%
	48%
	75%
	89%
	24.6%

	
	0.65 (High load)
	83%
	57%
	90%
	88%
	35.5%

	LAA (LBE_flexible) with WiFi
	0.35 (Low load)
	58%
	34%
	52%
	53%
	12.7%

	
	0.5 (Mid load)
	81%
	50%
	77%
	89%
	24.0%

	
	0.65 (High load)
	82%
	58%
	91%
	88%
	34.6%


From the results for outdoor case, we can draw observations similar to indoor case. Based on the simulation results presented in Figures 3~18 and Tables 1~4, we have following observations.
Observation 1: In the LAA-WiFi coexistence scenario:
· For all evaluated LBT schemes, LAA guarantees better WiFi performance than the baseline WiFi performance.
· In the WiFi performance aspect, FBE is better than LBE.

· In the LAA performance aspect, LBE is better than FBE.

· If eNB is permitted to start a TX burst at any OFDM symbol boundary, LBE-based DL LBT operation can be enhanced.

· There is a consistent tendency between the results in indoor case and those in outdoor case.

3.2. LAA-LAA coexistence scenario
Now, we consider the scenario that both operator #1 and operator #2 deploy LAA. The simulation results for outdoor case are shown as follows.
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Figure 19. BO for indoor case w.r.t. 
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Figure 20. BO for outdoor case w.r.t. 

	Average UPT
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Figure 21. Average UPT for indoor case w.r.t. 
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Figure 22. Average UPT for outdoor case w.r.t. 


Figures 19~22 show that FBE outperforms LBE. We can also observe that LBE_flexible can achieve about 10% performance gain over LBE.
Observation 2: In the LAA-LAA coexistence scenario:

· FBE is better than LBE.
· LBE-based DL LBT operation can be improved if it is assumed that eNB can start a TX burst at any OFDM symbol boundary.

4. Conclusion
In this contribution, we have presented the system level evaluation results on coexistence performance. Moreover, we compared several LBT schemes such as FBE and LBE. Our observations are summarized as follows:
Observation 1: In the LAA-WiFi coexistence scenario:

· For all evaluated LBT schemes, LAA guarantees better WiFi performance than the baseline WiFi performance.

· In the WiFi performance aspect, FBE is better than LBE.

· In the LAA performance aspect, LBE is better than FBE.

· If eNB is permitted to start a TX burst at any OFDM symbol boundary, LBE-based DL LBT operation can be enhanced.

· There is a consistent tendency between the results in indoor case and those in outdoor case.

Observation 2: In the LAA-LAA coexistence scenario:

· FBE is better than LBE.

· LBE-based DL LBT operation can be improved if it is assumed that eNB can start a TX burst at any OFDM symbol boundary.
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6. Appendix A
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Figure B-1. Average UPT for indoor case w.r.t. 
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Figure B-2. Average UPT for indoor case w.r.t. 
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Figure B-3. Average UPT for outdoor case w.r.t. 
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Figure B-4. Average UPT for outdoor case w.r.t. 
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Figure B-5. Average UPT for indoor case w.r.t. 
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Figure B-6. Average UPT for indoor case w.r.t. 
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Figure B-7. Average UPT for outdoor case w.r.t. 
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Figure B-8. Average UPT for outdoor case w.r.t. 


7. Appendix B
	
	LAA
	WiFi

	Macro cell layout
	19 sites

	Number of carriers
	1

	Antenna configuration
	1Tx2Rx

	CCA threshold
	-62 dBm
	-62 dBm for CCA-ED
-82 dBm for CCA-CS

	CCA slot length
	24 us
	8 us

	TX burst length
	< 4 ms

	MCS
	Exclude 256 QAM

	RTS/CTS
	Not modelled

	Rate control
	Closed loop
	Open loop
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