Page 4
Draft prETS 300 ???: Month YYYY
3GPP TSG-RAN WG1 Ad-Hoc Meeting	R1-151066
Paris, France, 24th – 26th March 2015
Agenda Item:	2.1
Source:	InterDigital Communications
Title:	Coexistence evaluation results for LTE LAA DL-only and Wi-Fi
Document for:	Discussion

Introduction
In RAN1#78bis, LBT / CCA, DTX on a carrier with limited maximum transmission duration, DFS for radar avoidance in certain bands/regions, Carrier Selection and TPC were identified as techniques for LTE LAA operation to meet regulatory requirements in some regions/bands. In RAN1#79 and RAN1#80, remaining details of assumptions and methodology for DL-only LAA coexistence evaluations were discussed and agreed.
In this contribution we present evaluation results for Wi-Fi and LAA DL-only for the Indoor scenario in TR 36.889 [1].
For the 3 coexistence evaluation cases, Wi-Fi/Wi-Fi, LAA/LAA and Wi-Fi/LAA, we present and discuss FTP NFB traffic results for Y=1 and Y=4 unlicensed carriers in the 5 GHz band, LBE Cat 3 and Cat 4 schemes and for different TXOP durations. This contribution contains updated results compared to those presented in [2].

Evaluation methodology and assumptions
For evaluations purposes, we assume that LTE LAA uses LBT/CCA for channel access in conjunction with DTX to limit the maximum possible Tx duration by the LAA eNB. In addition, a slow Carrier Selection mechanism is used for both Wi-Fi APs and LTE LAA eNBs. We use FTP non-full buffer traffic model 3 with 0.5 MB file size. Detailed evaluation assumptions for both Wi-Fi and LTE are summarized Appendix B of this document.
LBT/CCA
Both LBE Cat 3 and Cat 4 schemes are evaluated.
LBE Cat 3 (fixed window size) for the LAA eNB is modeled as Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. The CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOPs are limited by q*13/32 ms. According to the proposal outlined in [7], first a random backoff counter N is drawn to start the LBT procedure. Initial CCA is always immediately followed by extended CCA in durations of integer multiples of 20 µs increments. For each 20 µs increment during the extended CCA duration, if the channel is deemed to be unoccupied, the backoff counter is decremented by 1. The eNB can start DL scheduling immediately after the backoff counter value reaches zero, i.e., earliest after N+1 CCA periods. When the channel is observed to be occupied during the extended CCA period by the eNB, the backoff counter is frozen and the eNB defers back to initial CCA.
LBE Cat 4 (flexible window size) is evaluated according to Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. The CW size is variable and increases exponentially. Initially q is set to 16 and q is doubled whenever N idle slots cannot be found within q observation slots. The TXOP is independent of q and fixed to one configured value at the beginning of the simulation. 
DTX
DTX for LTE LAA is modeled as a maximum allowed time duration to schedule a number of consecutive DL subframes by the LAA eNB. We use TXOP durations of 4ms and 13ms. The duration of the busy signal when transmitted by the eNB prior to regular DL scheduling does not impact the allowed maximum number of schedulable DL subframes. Therefore, the LTE LAA DL will either transmit up to 4 (or up to 13) full consecutive DL subframes once it obtains channel access using LBT/CCA. When a DL busy signal is transmitted by the LAA eNB, it is accounted for as overhead until the beginning of the next regularly occurring SCell subframe boundary.
Carrier Selection
We model a slow Carrier Selection mechanism for both Wi-Fi APs and LAA eNBs. Carrier Selection for Y=4 is executed at start-up and the channel which is deemed least interfered is identified using Rx Signal power criterion.
Discussion of evaluation results for LAA DL-only mode
For the 3 coexistence evaluation cases, Wi-Fi/Wi-Fi, LAA/LAA and Wi-Fi/LAA, our results for the Indoor Scenario are summarized in Appendix A. Tables A.1 to A.8 summarize evaluation results for Wi-Fi/Wi-Fi and Wi-Fi-LAA. Only the throughput on the unlicensed carrier is shown. Tables A.9 to A.16 show evaluation results for the LAA/LAA case.
We separately show the evaluation results for low, medium and high-load FTP NFB traffic with Y=1 and Y=4 unlicensed carriers in the 5 GHz band, with LBE Cat 3 and Cat 4 schemes and for TXOPs using 4 ms and maximum lengths.
From the evaluation results in Appendix A it can be seen that for both Y=1 and Y=4, the throughput for Wi-Fi operator A in the deployment is not adversely impacted by the presence of LAA for low and medium loads. This is the case for both LBE Cat 3 and LBE Cat 4 schemes. The presence of LAA operator B in the deployment replacing Wi-Fi actually results in an increased throughput for the Wi-Fi operator A. Similarly, LAA throughput improves for the Wi-Fi/LAA coexistence case when compared to the LAA/LAA coexistence case.
For both Y=1 and Y=4, a smaller 4 ms TXOP improves Wi-Fi operator A’s performance when LAA operator B employs LBT Cat 4 rather than LBE Cat 3.
For the low and medium load cases using Y=1, another effect is observable. Clearly, not using any type of LTE inter-cell interference coordination mechanism is very detrimental for LAA SCell throughput in a dense deployment using a single 5 GHz channel. In fact, throughput for both operators A and B using LAA is lower than when using Wi-Fi only. It is clear from the results that some form of (e)ICIC functionality is a practical necessity in real-life dense deployments. Accordingly, it should be expected that achievable LAA throughput can vary widely as a function of the network side RRM implementation.
For the high load case using Y=1 with LBE Cat 3, it also becomes clear that Wi-Fi operator A throughput is starved by LAA operator B, i.e. almost all throughput in the deployment comes from LAA. There is one primary contributing factor to this observed behavior. With an increased offered load, the LAA eNB will more and more frequently attempt to win access to the channel. The LBE Cat 3 approach for LAA proposed in [7] has as a consequence that the LAA eNB wins channel access significantly more often than Wi-Fi for a given observation interval even after adjusting for typical VoIP WMM parameterization. Another contributing factor is that an inherent imbalance between Wi-Fi and LAA can be observed. LAA will be able to deliver data successfully at lower packet SINR due to its link robustness and multi-channel HARQ protocol.
In consequence, under high load and using a single 5 GHz channel only (Y=1), LBE Cat 3 schemes and DTX with a fixed maximum transmission duration are not sufficient on their own to prevent starving of the Wi-Fi APs through LAA. It is necessary to implement additional functionality in the LAA eNBs to allow for adjustment of LAA channel usage ratios and claimed air time as a function of observed traffic load from Wi-Fi neighbor BSSs on the channel. This can be done for example through adjusting the lengths of individual LAA TXOPs and by adjusting the number of channel access attempts by the LAA eNB. The LAA eNB leaves increasing amounts of idle time intervals in-between its own channel access attempts. The mandated use of an LBE Cat 4 scheme with random backoff using a variable size of the contention window should be considered an alternative technical realization of that same principle, i.e. for an increasing channel load the LAA eNB will attempt fewer and fewer channel accesses over the observation period.
In general, it can be seen from the evaluation results that coexistence is easier to achieve and somewhat more balanced when both operators use a similar LBT scheme (Wi-Fi and LBE Cat 4 versus Wi-Fi and LBE Cat 3).
The performance for LAA/LAA using LBE Cat 4 is slightly better than when using LBE Cat 3. For 4 ms TXOPs, the difference becomes larger. This is due to the effect that using a shorter TXOP, LBE Cat 4 can adapt more quickly to the system load rather than when using a 13 ms TXOP. In line with this observation, LBE Cat 4 reduces the buffer occupancy compared to LBE Cat 3 for the same traffic arrival rate in the LAA/LAA evaluation case.
[bookmark: _GoBack]For the Y=4 case, it can be observed that significantly more throughput is achieved by the LAA eNBs than when compared to the Y=1 single channel case. Channel selection is clearly an effective technique and results in almost un-interfered transmissions on each of the Y=4 available channels.
When increasing 4 ms TXOPs for LAA to 13 ms, LAA throughput is increased without necessarily affecting Wi-Fi operator A. Several factors contribute to this observed behavior. There is reduced overhead from the LAA busy signal preceding scheduling of actual DL data in regular SCell DL subframes. Link adaptation in the LAA eNB DL scheduler also benefits from increased LTE transmit durations in our evaluated simulation setup. It can also be seen from the results that in the high-load case using Y=1 with LBE Cat 3, the use of an LAA 13 ms TXOP is about as bad as that of 4 ms TXOP. Wi-Fi APs are starved due to CCA and limited opportunity to win access to the channel.
Conclusion
In this contribution we present coexistence evaluation results for Wi-Fi and LAA DL-only for the Indoor scenario in TR 36.889 [1]. For the 3 coexistence evaluation cases, Wi-Fi/Wi-Fi, LAA/LAA and Wi-Fi/LAA, we discuss FTP NFB traffic results for Y=1 and Y=4 unlicensed carriers in the 5 GHz band.
The LAA eNB employs LBT/CCA using either LBE Cat 3 or Cat 4 schemes with DTX using 4 ms or 13 ms TXOPs. A slow Carrier Selection mechanism is used for both Wi-Fi APs and LAA eNBs for the Y=4 case.
Wi-Fi throughput in the deployment is not adversely impacted by the presence of LAA for low and medium loads in the Y=1 (single 5 GHz channel) and Y=4 (4 available 5 GHz channels) cases. On the contrary, presence of LAA in the deployment means better performance for Wi-Fi than when all small cells use Wi-Fi.
Under high load and when using a single 5 GHz channel (Y=1), LBE Cat 3 schemes and DTX with a fixed maximum transmission duration are not sufficient on their own to prevent starving of the Wi-Fi APs through LAA. It is necessary to implement additional functionality in LTE LAA eNBs that adjusts permissible channel usage ratios to observed channel loads when using LBE Cat 3. The mandated use of an LBE Cat 4 scheme with random backoff using a variable size of the contention window should be considered an alternative technical realization of that same principle, i.e. for an increasing channel load the LAA eNB will attempt fewer and fewer channel accesses over the observation period.
It can also be seen from our results that LAA throughput for the Y=1 case may suffer when interference coordination between the LAA small cells is not implemented.
In general, our evaluation results indicate that coexistence is easier to achieve and somewhat more balanced when both operators use a similar LBT scheme (Wi-Fi and LBE Cat 4 versus Wi-Fi and LBE Cat 3). The performance for LAA/LAA using LBE Cat 4 is slightly better than when using LBE Cat 3. For 4 ms TXOPs, the difference becomes larger when compared to longer TXOPs.
Channel selection is clearly an effective technique and results in almost un-interfered transmissions on each of the Y=4 available channels when available.
We also evaluated the impact of using longer 13 ms TXOPs instead of 4 ms TXOPs for LAA. Our results indicate that the use of longer LAA TXOPs will result in improved link efficiency for LAA without necessarily impacting Wi-Fi for the case of low and medium loads.
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Appendix A – Wi-Fi and LAA DL-only evaluation results
A.1 Wi-Fi/LAA coexistence case with FTP only traffic
Table A.1: Wi-Fi/LAA; Indoor Deployment; Y=1; TXOP=4ms, LBE Cat 3
	
LAA LBT cat.
	
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%

	
	
	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

	LBE Cat. 3
	
UPT CDF
[Mbps]
	5%
	8.008
	10.091
	10.563
	4.168
	3.140
	3.192
	0.902
	1.310
	0.983

	
	
	50%
	48.054
	46.044
	67.626
	30.368
	23.070
	36.131
	12.697
	12.845
	9.384

	
	
	95%
	114.308
	120.457
	143.235
	120.223
	120.153
	143.405
	55.674
	72.683
	91.814

	
	
	Mean
	56.260
	57.739
	77.198
	42.841
	36.823
	56.880
	17.748
	21.354
	21.172

	
	
Delay CDF
[s]
	5%
	0.036
	0.035
	0.030
	0.035
	0.035
	0.030
	0.075
	0.059
	0.049

	
	
	50%
	0.092
	0.095
	0.063
	0.148
	0.177
	0.118
	0.309
	0.326
	0.423

	
	
	95%
	0.447
	0.386
	0.356
	1.145
	1.392
	1.245
	3.587
	2.726
	3.602

	
	
	Mean
	0.153
	0.141
	0.113
	0.304
	0.347
	0.311
	0.905
	0.838
	0.985

	
	𝜌
	0.9514
	0.9519
	0.8885
	0.9651
	0.9644
	0.8902
	0.7926
	0.8074
	0.7578

	
	BO
	20.909
	18.418
	18.264
	36.191
	39.4018
	39.496
	66.763
	72.027
	77.653

	
	𝜆
	0.8
	0.95
	1.2

	Additional comments

	LBE Cat.3: Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOP = q*13/32 ms.



Table A.2: Wi-Fi/LAA; Indoor Deployment; Y=1; TXOP=4ms, LBE Cat 4
	
LAA LBT cat.
	
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%

	
	
	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

	LBE Cat. 4
	
UPT CDF
[Mbps]
	5%
	8.008
	13.313
	10.914
	4.168
	4.335
	3.328
	0.902
	1.300
	0.637

	
	
	50%
	48.054
	49.583
	72.248
	30.368
	23.853
	28.967
	12.697
	12.786
	8.236

	
	
	95%
	114.308
	120.457
	143.008
	120.223
	120.098
	142.838
	55.674
	68.239
	102.119

	
	
	Mean
	56.260
	60.551
	79.499
	42.841
	39.180
	53.100
	17.748
	20.990
	21.2632

	
	
Delay CDF
[s]
	5%
	0.036
	0.035
	0.030
	0.035
	0.035
	0.030
	0.075
	0.057
	0.046

	
	
	50%
	0.092
	0.086
	0.059
	0.148
	0.172
	0.140
	0.309
	0.343
	0.511

	
	
	95%
	0.447
	0.289
	0.362
	1.145
	0.892
	1.271
	3.587
	2.966
	3.945

	
	
	Mean
	0.153
	0.122
	0.112
	0.304
	0.269
	0.309
	0.905
	0.807
	1.005

	
	𝜌
	0.9514
	0.9513
	0.8896
	0.9651
	0.9641
	0.8897
	0.7926
	0.8463
	0.7303

	
	BO
	20.909
	15.327
	16.764
	36.191
	35.902
	39.324
	66.763
	72.241
	81.895

	
	𝜆
	0.8
	1.0
	1.2

	Additional comments

	LBE Cat.4: Modified Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW exponentially variable. Initially set to q=16 and doubled whenever N idle slots cannot be found within q observation slots. TXOP independent of q, fixed at beginning of simulation. 4ms and 13 ms (although technically Option A requires TXOP<10ms).



Table A.3: Wi-Fi/LAA; Indoor Deployment; Y=1; TXOP=13ms, LBE Cat 3
	
LAA LBT cat.
	
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%

	
	
	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

	LBE
Cat. 3
	
UPT CDF
[Mbps]
	5%
	8.008
	12.378
	16.375
	4.168
	7.903
	9.435
	0.902
	1.331
	1.852

	
	
	50%
	48.054
	49.514
	72.758
	30.368
	38.221
	56.442
	12.697
	15.647
	20.285

	
	
	95%
	114.308
	120.526
	143.008
	120.223
	120.401
	143.122
	55.674
	89.739
	103.345

	
	
	Mean
	56.260
	60.644
	81.771
	42.841
	52.344
	73.123
	17.748
	24.521
	34.442

	
	
Delay CDF
[s]
	5%
	0.036
	0.035
	0.030
	0.035
	0.035
	0.030
	0.075
	0.053
	0.046

	
	
	50%
	0.092
	0.089
	0.059
	0.148
	0.104
	0.073
	0.309
	0.323
	0.206

	
	
	95%
	0.447
	0.324
	0.261
	1.145
	0.534
	0.429
	3.587
	2.370
	2.195

	
	
	Mean
	0.153
	0.124
	0.090
	0.304
	0.178
	0.128
	0.905
	0.607
	0.568

	
	𝜌
	0.9514
	0.9517
	0.8906
	0.9651
	0.9653
	0.8934
	0.7926
	0.8927
	0.8954

	
	BO
	20.909
	17.172
	14.673
	36.191
	25.991
	21.549
	66.763
	63.333
	54.977

	
	𝜆
	0.8
	0.95
	1.2

	Additional comments

	LBE Cat.3: Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOP = q*13/32 ms.



Table A.4: Wi-Fi/LAA; Indoor Deployment; Y=1; TXOP=13ms, LBE Cat 4
	
LAA LBT cat.
	
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%

	
	
	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

	LBE
Cat. 4
	
UPT CDF
[Mbps]
	5%
	8.008
	13.028
	16.3125
	4.168
	7.652
	11.444
	0.902
	2.119
	1.766

	
	
	50%
	48.054
	48.886
	72.804
	30.368
	36.948
	59.516
	12.697
	14.988
	25.103

	
	
	95%
	114.308
	120.443
	143.008
	120.223
	120.401
	143.292
	55.674
	79.364
	133.417

	
	
	Mean
	56.260
	58.372
	84.178
	42.841
	50.159
	75.921
	17.748
	24.240
	38.253

	
	
Delay CDF
[s]
	5%
	0.036
	0.035
	0.030
	0.035
	0.035
	0.030
	0.075
	0.046
	0.031

	
	
	50%
	0.092
	0.086
	0.058
	0.148
	0.111
	0.069
	0.309
	0.264
	0.164

	
	
	95%
	0.447
	0.314
	0.235
	1.145
	0.530
	0.350
	3.587
	1.799
	2.191

	
	
	Mean
	0.153
	0.123
	0.081
	0.304
	0.187
	0.117
	0.905
	0.512
	0.522

	
	𝜌
	0.9514
	0.9515
	0.8906
	0.9651
	0.9652
	0.89401
	0.7926
	0.8993
	0.8908

	
	BO
	20.909
	16.317
	12.943
	36.191
	27.4332
	20.2035
	66.763
	60.236
	52.213

	
	𝜆
	0.8
	0.95
	1.2

	Additional comments

	LBE Cat.4: Modified Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW exponentially variable. Initially set to q=16 and doubled whenever N idle slots cannot be found within q observation slots. TXOP independent of q, fixed at beginning of simulation. 4ms and 13 ms (although technically Option A requires TXOP<10ms).



Table A.5: Wi-Fi/LAA; Indoor Deployment; Y=4; TXOP=4ms, LBE Cat 3
	
LAA LBT cat.
	
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%

	
	
	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

	LBE
Cat. 3
	
UPT CDF
[Mbps]
	5%
	35.650
	34.530
	35.908
	15.321
	15.396
	24.651
	3.659
	2.086
	7.575

	
	
	50%
	90.623
	107.366
	122.448
	63.307
	64.069
	82.126
	19.439
	17.990
	46.704

	
	
	95%
	120.679
	120.791
	143.691
	120.609
	120.581
	143.691
	108.932
	120.443
	142.782

	
	
	Mean
	88.721
	90.852
	106.327
	69.479
	72.033
	87.410
	30.916
	36.899
	58.792

	
	
Delay CDF
[s]
	5%
	0.035
	0.035
	0.030
	0.035
	0.035
	0.030
	0.037
	0.035
	0.030

	
	
	50%
	0.046
	0.040
	0.035
	0.066
	0.066
	0.052
	0.213
	0.234
	0.091

	
	
	95%
	0.120
	0.121
	0.115
	0.272
	0.259
	0.167
	1.186
	2.509
	0.601

	
	
	Mean
	0.059
	0.057
	0.051
	0.098
	0.095
	0.070
	0.393
	0.603
	0.169

	
	𝜌
	1.000
	1.000
	0.9094
	1.000
	1.000
	0.9662
	1.000
	0.9801
	0.9951

	
	BO
	21.852
	20.884
	16.047
	41.8716
	38.254
	31.5543
	75.381
	66.516
	57.917

	
	𝜆
	0.45
	0.75
	1.125

	Additional comments

	LBE Cat.3: Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOP = q*13/32 ms.



Table A.6: Wi-Fi/LAA; Indoor Deployment; Y=4; TXOP=4ms, LBE Cat 4
	
LAA LBT cat.
	
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%

	
	
	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

	LBE
Cat. 4
	
UPT CDF
[Mbps]
	5%
	35.650
	36.527
	34.425
	15.321
	16.569
	21.401
	3.659
	3.400
	4.345

	
	
	50%
	90.623
	113.758
	129.206
	63.307
	69.290
	79.918
	19.439
	20.206
	34.728

	
	
	95%
	120.679
	120.692
	143.691
	120.609
	120.637
	143.691
	108.932
	120.360
	142.556

	
	
	Mean
	88.721
	92.962
	105.458
	69.479
	74.953
	85.808
	30.916
	39.482
	51.215

	
	
Delay CDF
[s]
	5%
	0.035
	0.035
	0.030
	0.035
	0.035
	0.030
	0.037
	0.035
	0.030

	
	
	50%
	0.046
	0.037
	0.033
	0.066
	0.060
	0.054
	0.213
	0.201
	0.120

	
	
	95%
	0.120
	0.115
	0.126
	0.272
	0.231
	0.196
	1.186
	1.392
	1.230

	
	
	Mean
	0.059
	0.055
	0.053
	0.098
	0.088
	0.078
	0.393
	0.421
	0.286

	
	𝜌
	1.000
	1.000
	0.9097
	1.000
	1.000
	0.9656
	1.000
	1.000
	0.9814

	
	BO
	21.852
	19.81
	16.395
	41.8716
	36.761
	32.874
	75.381
	64.641
	64.176

	
	𝜆
	0.45
	0.75
	1.125

	Additional comments

	LBE Cat.4: Modified Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW exponentially variable. Initially set to q=16 and doubled whenever N idle slots cannot be found within q observation slots. TXOP independent of q, fixed at beginning of simulation. 4ms and 13 ms (although technically Option A requires TXOP<10ms).



Table A.7: Wi-Fi/LAA; Indoor Deployment; Y=4; TXOP=13ms, LBE Cat 3
	
LAA LBT cat.
	
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%

	
	
	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

	LBE
Cat. 3
	
UPT CDF
[Mbps]
	5%
	35.650
	36.535
	39.289
	15.321
	20.232
	24.684
	3.659
	3.274
	9.119

	
	
	50%
	90.623
	112.169
	133.481
	63.307
	67.485
	86.240
	19.439
	25.495
	45.877

	
	
	95%
	120.679
	120.734
	143.920
	120.609
	120.790
	143.748
	108.932
	120.471
	142.839

	
	
	Mean
	88.721
	93.015
	107.630
	69.479
	74.369
	90.885
	30.916
	41.952
	59.075

	
	
Delay CDF
[s]
	5%
	0.035
	0.035
	0.030
	0.035
	0.035
	0.030
	0.037
	0.035
	0.030

	
	
	50%
	0.046
	0.037
	0.032
	0.066
	0.063
	0.050
	0.213
	0.164
	0.092

	
	
	95%
	0.120
	0.115
	0.106
	0.272
	0.207
	0.169
	1.186
	1.629
	0.487

	
	
	Mean
	0.059
	0.055
	0.050
	0.098
	0.086
	0.068
	0.393
	0.412
	0.161

	
	𝜌
	1.000
	1.000
	0.9109
	1.000
	1.000
	0.9665
	1.000
	1.000
	0.9948

	
	BO
	21.852
	20.004
	15.746
	41.8716
	36.661
	30.782
	75.381
	63.8455
	57.155

	
	𝜆
	0.45
	0.75
	1.125

	Additional comments

	LBE Cat.3: Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOP = q*13/32 ms.



Table A.8: Wi-Fi/LAA; Indoor Deployment; Y=4; TXOP=13ms, LBE Cat 4
	
LAA LBT cat.
	
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%

	
	
	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

	LBE
Cat. 4
	
UPT CDF
[Mbps]
	5%
	35.650
	34.289
	42.932
	15.321
	17.716
	25.888
	3.659
	3.037
	9.778

	
	
	50%
	90.623
	113.620
	133.319
	63.307
	65.763
	91.928
	19.439
	22.995
	51.366

	
	
	95%
	120.679
	120.734
	143.920
	120.609
	120.748
	143.748
	108.932
	120.429
	142.839

	
	
	Mean
	88.721
	92.545
	109.418
	69.479
	73.361
	93.601
	30.916
	39.915
	64.183

	
	
Delay CDF
[s]
	5%
	0.035
	0.035
	0.028
	0.035
	0.035
	0.030
	0.037
	0.035
	0.030

	
	
	50%
	0.046
	0.037
	0.032
	0.066
	0.063
	0.046
	0.213
	0.181
	0.083

	
	
	95%
	0.120
	0.121
	0.097
	0.272
	0.235
	0.161
	1.186
	1.770
	0.461

	
	
	Mean
	0.059
	0.056
	0.048
	0.098
	0.089
	0.064
	0.393
	0.455
	0.141

	
	𝜌
	1.000
	1.000
	0.9106
	1.000
	1.000
	0.9660
	1.000
	1.000
	0.9956

	
	BO
	21.852
	19.954
	15.270
	41.8716
	37.211
	29.477
	75.381
	65.047
	53.928

	
	𝜆
	0.45
	0.75
	1.125

	Additional comments

	LBE Cat.4: Modified Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW exponentially variable. Initially set to q=16 and doubled whenever N idle slots cannot be found within q observation slots. TXOP independent of q, fixed at beginning of simulation. 4ms and 13 ms (although technically Option A requires TXOP<10ms).




A.2 LAA/LAA coexistence case with FTP only traffic
Table A.9: LAA/LAA; Indoor Deployment; Y=1; TXOP=4ms, LBE Cat 3
	
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

	LBE Cat.3
	
UPT CDF
[Mbps]
	5%
	8.268
	7.784
	3.523
	3.646
	0.784
	0.359

	
	
	50%
	85.201
	117.848
	25.292
	29.233
	6.236
	7.540

	
	
	95%
	143.311
	144.111
	133.660
	143.996
	62.660
	118.122

	
	
	Mean
	85.437
	94.781
	46.853
	53.357
	19.575
	23.775

	
	
Delay CDF
[s]
	5%
	0.030
	0.030
	0.062
	0.030
	0.051
	0.035

	
	
	50%
	0.048
	0.034
	0.371
	0.134
	0.755
	0.511

	
	
	95%
	0.456
	0.513
	2.703
	1.275
	3.273
	4.295

	
	
	Mean
	0.123
	0.114
	0.348
	0.343
	1.116
	1.171

	
	𝜌
	0.943
	0.976
	0.833
	0.865
	0.616
	0.625

	
	BO
	14.025
	12.741
	36.115
	35.731
	73.571
	68.601

	
	𝜆
	0.6
	0.6
	0.85
	0.85
	1.2
	1.2

	Additional comments

	LBE Cat.3: Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOP = q*13/32 ms.



Table A.10: LAA/LAA; Indoor Deployment; Y=1; TXOP=4ms, LBE Cat 4
	
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

	LBE Cat.4
	
UPT CDF
[Mbps]
	5%
	4.207
	4.913
	2.552
	1.870
	1.211
	0.544

	
	
	50%
	71.831
	63.933
	18.169
	19.868
	13.363
	14.119

	
	
	95%
	143.424
	144.169
	127.892
	142.018
	96.657
	141.571

	
	
	Mean
	75.270
	77.735
	33.944
	40.008
	25.934
	33.887

	
	
Delay CDF
[s]
	5%
	0.030
	0.030
	0.031
	0.030
	0.041
	0.030

	
	
	50%
	0.058
	0.065
	0.260
	0.244
	0.346
	0.352

	
	
	95%
	1.100
	0.834
	1.634
	1.711
	2.493
	3.141

	
	
	Mean
	0.207
	0.178
	0.437
	0.488
	0.662
	0.763

	
	𝜌
	0.872
	0.869
	0.805
	0.875
	0.728
	0.765

	
	BO
	21.808
	22.616
	50.036
	49.488
	62.141
	58.163

	
	𝜆
	0.8
	0.8
	1.1
	1.1
	1.2
	1.2

	Additional comments

	LBE Cat.4: Modified Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW exponentially variable. Initially set to q=16 and doubled whenever N idle slots cannot be found within q observation slots. TXOP independent of q, fixed at beginning of simulation. 4ms and 13 ms (although technically Option A requires TXOP<10ms).



Table A.11: LAA/LAA; Indoor Deployment; Y=1; TXOP=13ms, LBE Cat 3
	
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

	LBE Cat.3
	
UPT CDF
[Mbps]
	5%
	6.138
	5.802
	1.431
	1.506
	1.141
	1.354

	
	
	50%
	57.631
	63.448
	19.881
	28.228
	9.720
	8.156

	
	
	95%
	143.085
	144.111
	136.420
	143.996
	129.722
	97.702

	
	
	Mean
	70.127
	76.375
	44.128
	50.412
	21.247
	34.176

	
	
Delay CDF
[s]
	5%
	0.030
	0.030
	0.030
	0.030
	0.081
	0.030

	
	
	50%
	0.077
	0.066
	0.341
	0.187
	1.042
	0.345

	
	
	95%
	1.118
	0.932
	2.270
	1.837
	5.766
	3.024

	
	
	Mean
	0.242
	0.212
	0.591
	0.498
	0.881
	0.722

	
	𝜌
	0.855
	0.870
	0.722
	0.885
	0.724
	0.779

	
	BO
	23.809
	21.588
	49.705
	43.498
	69.681
	57.843

	
	𝜆
	0.8
	0.8
	0.95
	0.95
	1.2
	1.2

	Additional comments

	LBE Cat.3: Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOP = q*13/32 ms.



Table A.12: LAA/LAA; Indoor Deployment; Y=1; TXOP=13ms, LBE Cat 4
	
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

	LBE Cat.4
	
UPT CDF
[Mbps]
	5%
	5.509
	3.863
	3.010
	2.226
	1.395
	0.949

	
	
	50%
	70.931
	76.687
	22.679
	24.838
	10.177
	11.862

	
	
	95%
	143.481
	144.111
	134.471
	142.690
	96.962
	141.536

	
	
	Mean
	75.201
	81.381
	38.002
	43.516
	23.526
	30.368

	
	
Delay CDF
[s]
	5%
	0.030
	0.030
	0.031
	0.031
	0.031
	0.030

	
	
	50%
	0.060
	0.050
	0.175
	0.170
	0.429
	0.337

	
	
	95%
	0.784
	1.061
	1.342
	1.467
	2.407
	3.296

	
	
	Mean
	0.173
	0.208
	0.351
	0.360
	0.716
	0.839

	
	𝜌
	0.868
	0.869
	0.837
	0.917
	0.738
	0.750

	
	BO
	19.710
	22.926
	44.692
	43.932
	65.391
	60.535

	
	𝜆
	0.8
	0.8
	1.1
	1.1
	1.2
	1.2

	Additional comments

	LBE Cat.4: Modified Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW exponentially variable. Initially set to q=16 and doubled whenever N idle slots cannot be found within q observation slots. TXOP independent of q, fixed at beginning of simulation. 4ms and 13 ms (although technically Option A requires TXOP<10ms).



Table A.13: LAA/LAA; Indoor Deployment; Y=4; TXOP=4ms, LBE Cat 3
	
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

	LBE Cat.3
	
UPT CDF
[Mbps]
	5%
	34.526
	30.973
	4.705
	3.068
	1.055
	1.138

	
	
	50%
	137.968
	131.097
	63.531
	59.521
	25.324
	31.872

	
	
	95%
	143.767
	143.996
	143.197
	143.311
	142.914
	142.492

	
	
	Mean
	108.398
	107.392
	72.789
	69.305
	50.349
	50.613

	
	
Delay CDF
[s]
	5%
	0.030
	0.030
	0.030
	0.030
	0.030
	0.030

	
	
	50%
	0.031
	0.032
	0.067
	0.072
	0.177
	0.131

	
	
	95%
	0.114
	0.139
	0.783
	1.750
	3.178
	3.101

	
	
	Mean
	0.051
	0.054
	0.209
	0.309
	0.719
	0.616

	
	𝜌
	1.000
	0.922
	0.944
	0.827
	0.873
	0.737

	
	BO
	19.743
	16.925
	47.827
	45.479
	68.293
	65.786

	
	𝜆
	0.45
	0.45
	0.88
	0.88
	1.13
	1.13

	Additional comments

	LBE Cat.3: Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOP = q*13/32 ms.



Table A.14: LAA/LAA; Indoor Deployment; Y=4; TXOP=4ms, LBE Cat 4
	
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

	LBE Cat.4
	
UPT CDF
[Mbps]
	5%
	49.018
	46.320
	13.183
	13.406
	5.798
	5.881

	
	
	50%
	140.032
	139.494
	94.480
	74.516
	64.041
	53.897

	
	
	95%
	143.767
	143.996
	143.653
	143.767
	143.140
	142.914

	
	
	Mean
	116.631
	115.739
	91.684
	81.637
	72.966
	66.539

	
	
Delay CDF
[s]
	5%
	0.030
	0.030
	0.030
	0.030
	0.030
	0.030

	
	
	50%
	0.031
	0.031
	0.045
	0.057
	0.066
	0.079

	
	
	95%
	0.086
	0.092
	0.444
	0.539
	0.771
	1.238

	
	
	Mean
	0.043
	0.044
	0.120
	0.147
	0.201
	0.240

	
	𝜌
	1.000
	0.925
	1.000
	0.877
	0.963
	0.868

	
	BO
	17.483
	14.902
	44.544
	40.626
	62.530
	60.812

	
	𝜆
	0.45
	0.45
	1.00
	1.00
	1.38
	1.38

	Additional comments

	LBE Cat.4: Modified Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW exponentially variable. Initially set to q=16 and doubled whenever N idle slots cannot be found within q observation slots. TXOP independent of q, fixed at beginning of simulation. 4ms and 13 ms (although technically Option A requires TXOP<10ms).



Table A.15: LAA/LAA; Indoor Deployment; Y=4; TXOP=13ms, LBE Cat 3
	
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

	LBE Cat.3
	
UPT CDF
[Mbps]
	5%
	42.709
	37.130
	15.344
	14.473
	4.024
	3.646

	
	
	50%
	139.923
	143.767
	81.747
	79.737
	51.894
	46.806

	
	
	95%
	138.489
	143.996
	143.367
	143.881
	143.140
	142.521

	
	
	Mean
	112.826
	112.250
	86.392
	83.800
	65.748
	59.296

	
	
Delay CDF
[s]
	5%
	0.030
	0.030
	0.030
	0.030
	0.030
	0.030

	
	
	50%
	0.031
	0.031
	0.053
	0.055
	0.083
	0.090

	
	
	95%
	0.098
	0.111
	0.274
	0.367
	0.964
	1.256

	
	
	Mean
	0.045
	0.047
	0.102
	0.106
	0.244
	0.268

	
	𝜌
	1.000
	0.924
	1.000
	0.900
	0.989
	0.855

	
	BO
	18.227
	15.629
	38.847
	36.623
	62.527
	58.925

	
	𝜆
	0.45
	0.45
	0.88
	0.88
	1.25
	1.25

	Additional comments

	LBE Cat.3: Option B from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW size fixed and set by q at beginning of simulation. Random backoff N selected from [1;q]. TXOP = q*13/32 ms.



Table A.16: LAA/LAA; Indoor Deployment; Y=4; TXOP=13ms, LBE Cat 4
	
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

	LBE Cat.4
	
UPT CDF
[Mbps]
	5%
	46.816
	47.518
	13.112
	13.355
	4.765
	6.057

	
	
	50%
	140.086
	139.495
	90.117
	74.454
	61.277
	52.670

	
	
	95%
	143.767
	143.996
	143.595
	143.767
	143.140
	142.744

	
	
	Mean
	117.490
	116.141
	91.503
	82.020
	71.206
	65.185

	
	
Delay CDF
[s]
	5%
	0.030
	0.030
	0.030
	0.030
	0.030
	0.030

	
	
	50%
	0.031
	0.031
	0.048
	0.058
	0.069
	0.080

	
	
	95%
	0.086
	0.089
	0.452
	0.536
	1.007
	1.415

	
	
	Mean
	0.042
	0.043
	0.118
	0.148
	0.223
	0.258

	
	𝜌
	1.000
	0.925
	1.000
	0.876
	0.959
	0.861

	
	BO
	17.247
	14.755
	44.394
	40.418
	62.485
	60.505

	
	𝜆
	0.45
	0.45
	1.00
	1.00
	1.38
	1.38

	Additional comments

	LBE Cat.4: Modified Option A from ETSI EN 301 893 v1.8.0, Section 4.8.3.2. CW exponentially variable. Initially set to q=16 and doubled whenever N idle slots cannot be found within q observation slots. TXOP independent of q, fixed at beginning of simulation. 4ms and 13 ms (although technically Option A requires TXOP<10ms).




Appendix B – Evaluation assumptions
Table B.1: Indoor scenario for LAA coexistence evaluations
	Parameter
	Value

	Layout for nodes
	Two operators deploy 4 small cells each in the single-floor building.

The small cells of each operator are equally spaced and centered along the shorter dimension of the building. The distance between two closest nodes from two operators is random. The set of small cells for both operators is centered along the longer dimension of the building.
 
 
 
 
 
 
 
 


	System bandwidth per carrier
	20 MHz

	Carrier frequency
	5.0 GHz

	Number of carriers
	1, 4 (to be shared between two operators)

	Total BS TX power
	18 dBm

	Total UE TX power 
	18 dBm

	Distance-dependent path loss
	Small cell-to-Small cell, Small cell-to-UE: ITU InH [Table B.1.2.1-1 in TR36.814]
UE-to-UE: 3GPP TR 36.843 (D2D).
(3D distance between an eNB and a UE is applied. Working assumption is that 3D distance is also used for LOS probability.)

	Penetration
	0dB

	Shadowing
	ITU InH [referring to Table A.2.1.1.5-1 in TR36.814]
Working assumption is that 3D distance is used for shadowing correlation distance

	Antenna pattern
	2D Omni-directional

	Antenna Height: 
	6m

	UE antenna Height
	1.5m

	Antenna gain + connector loss
	5dBi

	Antenna gain of UE
	0 dBi

	Fast fading channel between eNB and UE
	ITU InH

	Number of clusters/buildings per macro cell geographical area
	N/A

	Number of small cells per cluster
	N/A

	Number of small cells per Macro cell
	N/A

	Number of UEs 
	10 UEs per unlicensed band carrier per operator

	UE dropping per network
	Uniform random drop within indoor coverage

	Radius for small cell dropping in a cluster
	N/A

	Radius for UE dropping in a cluster
	N/A

	Minimum UE-to-UE distance (2D distance)
	3m

	Traffic model
	FTP3, 0.5 MB file size

	UE receiver
	MMSE-IRC as baseline

	UE noise figure
	9dB

	UE speed
	3km/h

	Cell selection criteria
	For LAA UEs, cell selection is based on RSRP in the unlicensed band.
For WiFi STAs, cell selection is based on RSS (Received signal power strength) of WiFi APs. RSS threshold is -82 dBm.

	UE Bandwidth
	UE bandwidth for LAA and Wi-Fi: 20 MHz unlicensed

	Network synchronization
	For the same operator, the network is synchronized.
Small cells of different operators are not synchronized.

	Performance metrics 
	UPT, SCT




Table B.2: Additional Wi-Fi system evaluation assumptions
	Parameter
	Value

	MCS
	802.11ac MCS table without 256 QAM

	Antenna configuration
	2Tx2Rx in DL, Cross-polarized
Open loop 

	Channel coding
	BCC

	Frame aggregation
	A-MPDU

	MPDU size
	Fixed 1ms (A)-MPDU transmission duration

	Max PPDU duration
	4 ms 

	MAC
	Coordination
	EDCA AC4

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	CCA-CS

	
	RTS/CTS
	No

	
	Contention window
	Min: 15 slot, Max: 1023 slot

	CCA-CS
	-82dBm

	CCA-ED 
	-62dBm

	ACK Modeled (successful reception, resources utilized)
	Yes

	DL/UL Duplexing
	DL only

	Rate control
	Minstrel algorithm with 100 ms reconfiguration period

	Channel selection
	Minimum neighbour 

	OFDM symbol length
	4 us
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