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Introduction
We presented coexistence evaluation results for DL-only LAA with FTP NFB traffic in [2]-[5]. For the 3 coexistence evaluation cases, Wi-Fi/Wi-Fi, LAA/LAA and Wi-Fi/LAA, we showed results for the Indoor Scenario [9], for Y=1 and Y=4 unlicensed carriers in the 5 GHz band, for LBE Cat 3 and Cat 4 schemes, for different assumed TXOP durations and with both FTP NFP and VoIP traffic.
In this contribution we present and discuss our findings from the evaluation results for the Wi-Fi and UL+DL LAA coexistence case with FTP traffic. We show results for the Indoor scenario using Y=1 (a single 5 GHz channel) and with 50% DL / 50% UL and 80% DL / 20% UL traffic ratios.

Evaluation methodology and assumptions
Overview
For evaluations purposes, we assume that the LAA eNB employs LBT/CCA for channel access in the DL. For LAA UL transmissions, UEs which are dynamically scheduled by the eNB will employ FBE based CCA prior to the start of the first UL subframe in the reserved UL fixed frame period (FFP). DTX is used for DL and UL to limit the maximum possible transmission duration for an LAA transmitter. The results presented here are for the Y=1 case (a single 5 GHz channel), so no carrier selection mechanism is employed by the LAA eNB as by assumption.
We use FTP non-full buffer traffic model 3 with 0.5 MB file size. More detailed evaluation assumptions for both Wi-Fi and LTE are summarized in Appendix B of this document.
Channel Access
For DL transmissions, the LAA eNB employs LBE Cat 3 (with fixed window size). LBE Cat 3 by 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. The random backoff N is selected from [1;q]. TXOPs are limited by q*13/32 ms. At 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.
For UL transmissions, all LAA UEs are subject to dynamic scheduling by the eNB. The LAA SCell is configured to use TDD UL/DL configuration #3 [D S U U U D D D D D]. Only LAA UEs which were scheduled for the UL by the eNB will contend for the channel. UL CCA follows the principle of FBE. A nominal FFP of 10 ms is configured. CCA with 48 us duration is performed prior to the start of SF #2 by any UE that was scheduled for the UL. Only one CCA attempt per UE is executed per FFP. Any scheduled UE can transmit a single burst of up to 3 SFs total duration, subject however to per-subframe eNB scheduling. 
UL+DL LAA operation for evaluation purposes is illustrated Figure 1. It is one consequence of the selected FBE based CCA approach for the UL that UL CCA will be done more or less synchronously by all scheduled LAA UEs during the same 48 us silence interval. Not all LAA UEs may use all of the up to 3 available UL subframes for their transmissions. This is shown in the first radio frame of the example in Figure 1. Under typical conditions and when operating in presence of Wi-Fi neighbor BSSs, most LAA UEs will declare CCA to be busy simultaneously in case there is ongoing Wi-Fi activity on the channel. This is shown in the second radio frame of the example in Figure 1.
Furthermore, no particular optimization is used to increase the spectral efficiency for LAA UL and DL transmissions. A maximum of 3 consecutive UL subframes is semi-statically configured and available for UL traffic per 10 ms fixed frame period. No short-term adaptation to adjust for time-varying DL and UL offered load is performed by the LAA eNB. In addition, eNB scheduling of DL TXOP takes priority over an upcoming UL transmission period. For example, if the eNB wins channel access to serve DL traffic in subframe #1, it will schedule subframes #2-#5 as DL in order to maximize the use of the DL TXOP under the condition that enough DL traffic can be served. In such a case, the eNB will simply not issue any UL grants for the candidate UL subframes #3-#5 and the next UL transmission may take place only one radio frame later.
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Figure 1: LTE LAA UL operation with CCA
DTX
DTX for the LAA DL is modeled as a maximum allowed time duration to schedule a number of consecutive DL subframes by the LAA eNB. We use maximum TXOP durations of 4 ms. 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 transmit up to 4 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.
DTX for the LAA UL is modeled implicitly by that no UE transmission can exceed a total of 3 consecutive UL subframes as by TDD UL/DL configuration #3.

Coexistence evaluation results for Wi-Fi and UL+DL LAA
For the 2 coexistence evaluation cases, Wi-Fi/Wi-Fi and Wi-Fi/LAA, our UL+DL results for the Indoor Scenario are summarized in Appendix A. Table A.1 shows evaluation results for Wi-Fi/Wi-Fi and Wi-Fi-LAA with 50% DL / 50% UL symmetric traffic. Table A.2 shows our results for the DL heavy asymmetric traffic mix with 80% DL / 20% UL.
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Figure 3: DL and UL throughput for Wi-Fi and UL+DL LAA with 80% DL / 20% UL traffic
From the evaluation results in Appendix A it can be seen that the DL throughput for Wi-Fi operator A in the Indoor Deployment is not adversely impacted by the presence of UL+DL LAA for all low, medium and high loads and that for both symmetric DL+UL and for asymmetric DL heavy traffic mix. The presence of LAA operator B in the deployment replacing Wi-Fi actually results in increased DL throughput for the Wi-Fi operator A. The observed throughput improvement is more pronounced for the 50% DL / 50% UL symmetric traffic case.
For 50% DL / 50% UL symmetric traffic, UL throughput for Wi-Fi operator A is similarly improved by the presence of LAA operator B in the deployment for all all low, medium and high load points. For DL heavy asymmetric traffic mix with 80% DL / 20% UL, we observe a slight drop in UL throughput for Wi-Fi operator A at medium and high loads.
We note again that our evaluation results are obtained not using any particular optimization with respect to LBE Cat 3 (with fixed window size) employed by the LAA eNB to win channel access in the DL. As already observed in [2] for the case of DL only LAA for Y=1 under high load, 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.
Similarly, LAA SCell spectral efficiency can be much improved by not exclusively relying on the semi-statically configured LTE TDD frame configurations like assumed for evaluation purposes in this contribution. In consequence, the observed UL throughput numbers for the DL heavy asymmetric traffic mix with 80% DL / 20% UL should be perceived as pessimistic and as a lower bound onto achievable system performance in absence of any particular optimization.

Conclusion
In this contribution we presented and discussed our findings from the evaluation results for the Wi-Fi and UL+DL LAA coexistence case with FTP traffic. We showed results for the Indoor scenario using Y=1 (a single 5 GHz channel) and with 50% DL / 50% UL symmetric traffic and DL heavy asymmetric 80% DL / 20% UL traffic.
Based on the evaluation results in this contribution, it can be seen that Wi-Fi will see good performance in presence of UL+DL LAA for the Indoor deployment case already when using just one single 5 GHz frequency channel.
Wi-Fi DL and UL performance for the case of symmetric 50% DL / 50% UL traffic is significantly improved by the presence of the LAA operator. For DL heavy asymmetric 80% DL / 20% UL traffic, DL throughput for Wi-Fi is improved while Wi-Fi UL performance is observed slightly degraded for medium and high load.
We note that these evaluation results were obtained under the deliberate assumption that no particular optimization is implemented on the LAA side, i.e. use of a limited and semi-statically configured TDD frame configuration #3 and no DL LBT/CCA freeze periods. In consequence, these results should be seen as pessimistic and serve as a lower bound onto achievable system performance for Wi-Fi in presence of UL+DL LAA.
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Appendix A – Wi-Fi and LAA DL-only evaluation results
A.1 UL+DL Wi-Fi and LAA coexistence case with FTP traffic
[bookmark: _Ref415100705]Table A.1: Wi-Fi/LAA UL+DL; Indoor Deployment; Y=1; FTP traffic with 50% DL/50% UL
	
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

	LBT
Cat 3
	DL:
UPT CDF
[Mbps]
	5%
	10.210
	23.083
	18.836
	3.855
	14.039
	15.389
	1.412
	13.036
	7.844

	
	
	50%
	51.531
	99.219
	88.628
	15.490
	55.326
	57.975
	5.952
	48.961
	40.312

	
	
	95%
	120.196
	120.540
	111.631
	102.690
	120.595
	109.133
	93.526
	120.195
	108.800

	
	
	Mean
	60.411
	85.808
	79.254
	32.322
	66.226
	63.082
	19.036
	57.394
	49.156

	
	DL:
Delay CDF
[s]
	5%
	0.035
	0.035
	0.037
	0.041
	0.035
	0.038
	0.043
	0.035
	0.038

	
	
	50%
	0.081
	0.042
	0.048
	0.301
	0.071
	0.074
	0.698
	0.082
	0.099

	
	
	95%
	0.437
	0.157
	0.142
	1.145
	0.299
	0.238
	2.821
	0.321
	0.408

	
	
	Mean
	0.128
	0.066
	0.068
	0.414
	0.102
	0.096
	1.074
	0.130
	0.160

	
	UL:
UPT CDF
[Mbps]
	5%
	7.290
	17.763
	8.405
	4.063
	15.929
	4.971
	3.202
	14.170
	2.739

	
	
	50%
	38.897
	39.202
	19.757
	22.465
	34.203
	11.090
	14.011
	30.834
	7.422

	
	
	95%
	59.336
	59.366
	26.035
	57.976
	59.212
	25.702
	50.407
	54.822
	21.433

	
	
	Mean
	38.972
	43.461
	18.612
	26.902
	35.552
	13.175
	19.348
	32.577
	9.600

	
	UL:
Delay CDF
[s]
	5%
	0.071
	0.072
	0.164
	0.071
	0.071
	0.165
	0.081
	0.077
	0.178

	
	
	50%
	0.103
	0.101
	0.217
	0.179
	0.121
	0.386
	0.280
	0.136
	0.550

	
	
	95%
	0.321
	0.201
	0.437
	0.773
	0.255
	0.713
	1.194
	0.276
	1.221

	
	
	Mean
	0.136
	0.110
	0.261
	0.280
	0.144
	0.416
	0.428
	0.156
	0.648

	
	𝜌DL
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	𝜌UL
	0.8817
	0.895
	0.947
	0.8182
	0.826
	0.830
	1.00
	1.00
	0.757

	
	BO
	16.00
	11.50
	20.92
	40.62
	17.70
	37.86
	65.88
	26.95
	52.32

	
	𝜆
	0.15
	0.225
	0.25

	Additional comments:
For LAA, only UEs scheduled for the UL will contend for the channel. LTE utilizes TDD UL/DL configuration #3 [D S U U U D D D D D]. FBE based CCA in the UL with a FFP of 10ms. CCA with 48 microsecond duration is performed prior to the start of SF #2. Only one CCA per UE per FFP. Any scheduled UE can transmit a single burst of up to 3 SFs subject to eNB scheduling. No dynamic reassignment of unused UL SFs for the DL.



Table A.2: Wi-Fi/LAA UL+DL; Indoor Deployment; Y=1; FTP traffic with 80% DL/20% UL
	
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

	LBT
Cat 3
	DL:
UPT CDF
[Mbps]
	5%
	10.801
	20.242
	19.218
	4.867
	5.772
	1.443
	2.456
	1.911
	1.291

	
	
	50%
	65.735
	89.144
	63.771
	21.478
	28.262
	15.299
	10.685
	18.160
	9.618

	
	
	95%
	120.512
	120.624
	111.631
	104.648
	120.153
	88.334
	102.344
	99.447
	57.887

	
	
	Mean
	65.467
	80.786
	67.397
	34.390
	41.481
	23.530
	24.257
	32.703
	15.851

	
	DL:
Delay CDF
[s]
	5%
	0.035
	0.035
	0.038
	0.039
	0.035
	0.047
	0.098
	0.040
	0.075

	
	
	50%
	0.065
	0.048
	0.062
	0.354
	0.152
	0.276
	0.319
	0.229
	0.427

	
	
	95%
	0.363
	0.185
	0.210
	1.459
	0.678
	2.622
	0.871
	1.739
	2.576

	
	
	Mean
	0.129
	0.074
	0.083
	0.559
	0.261
	0.669
	0.420
	0.385
	0.861

	
	UL:
UPT CDF
[Mbps]
	5%
	7.717
	21.058
	7.313
	3.642
	2.878
	1.155
	3.952
	1.488
	1.225

	
	
	50%
	38.700
	35.046
	19.065
	22.629
	15.112
	5.128
	12.894
	11.528
	3.035

	
	
	95%
	59.165
	56.450
	25.976
	48.630
	49.156
	12.200
	30.821
	23.982
	13.635

	
	
	Mean
	37.178
	38.883
	18.092
	25.281
	19.663
	7.086
	15.891
	13.255
	4.375

	
	UL:
Delay CDF
[s]
	5%
	0.071
	0.071
	0.165
	0.073
	0.078
	0.193
	0.098
	0.121
	0.318

	
	
	50%
	0.106
	0.110
	0.225
	0.181
	0.250
	0.871
	0.319
	0.307
	1.321

	
	
	95%
	0.255
	0.190
	0.419
	0.861
	0.923
	2.502
	0.871
	1.273
	3.827

	
	
	Mean
	0.161
	0.121
	0.284
	0.311
	0.458
	1.250
	0.420
	0.538
	1.609

	
	𝜌DL
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	𝜌UL
	1.00
	1.00
	0.966
	0.8034
	0.798
	0.643
	0.818
	0.768
	0.473

	
	BO
	16.83
	11.65
	16.50
	41.23
	47.80
	80.44
	58.07
	59.60
	91.38

	
	𝜆
	DL/UL - 0.24/0.06
	DL/UL - 0.36/0.09
	DL/UL- 0.40/0.10

	Additional comments:
For LAA, only UEs scheduled for the UL will contend for the channel. LTE utilizes TDD UL/DL configuration #3 [D S U U U D D D D D]. FBE based CCA in the UL with a FFP of 10ms. CCA with 48 microsecond duration is performed prior to the start of SF #2. Only one CCA per UE per FFP. Any scheduled UE can transmit a single burst of up to 3 SFs subject to eNB scheduling. No dynamic reassignment of unused UL SFs for the DL.



Appendix B – Evaluation assumptions

	Parameter
	Value for additional Wi-Fi system evaluation assumptions

	MCS
	802.11ac MCS table without 256 QAM

	Antenna configuration
	2Tx2Rx in DL, cross-polarized, open loop
1Tx2Rx in UL

	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



	Parameter
	Value for LAA Indoor Deployment

	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 (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 
	20 UEs per unlicensed band carrier per operator (DL+UL, Y=1)

	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
Independent traffic generation on the DL and UL for both Wi-Fi and LAA for FTP traffic model.
Each UE has the same UL/DL traffic arrival rate ratio.
Overall offered load is the same for both the coexisting networks.
DL/UL traffic ratio for DL+UL coexistence evaluation:
50% DL traffic / 50% UL traffic
80% DL traffic / 20% UL traffic

	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, Delay, Buffer occupancy
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