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Introduction
We presented coexistence evaluation results for DL-only LAA with FTP NFB and VoIP traffic in [3]-[6]. 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 contributions [1]-[2] we present our findings from the evaluation results for the Wi-Fi and LAA DL+UL coexistence case with FTP traffic using 50% DL/50% UL and 80% DL/20% UL traffic ratios in the Indoor scenario with Y=1.
In this contribution we compare and discuss DL-only LAA and WiFi coexistence evaluation including VoIP for the Indoor scenario with Y=1 (a single 5 GHz channel) for different types of LBT Cat 4 implementations. We evaluate and discuss the relative performance of two possible LBT Cat 4 schemes, one using a countdown based, the other one using UE NACK based contention-window re-sizing approach. Furthermore, we compare the relative performance of both of these LBT Cat 4 schemes when subjected to different CCA thresholds levels.

Evaluation methodology and assumptions
Overview
For evaluations purposes, we assume that the LAA eNB employs LBT/CCA for channel access in the DL. DTX is used 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. VoIP modeling follows the assumption agreed in the TR [9].
Channel Access
Channel Access is modeled according to the agreed WF on Cat 4 Access Schemes presented in April RAN1-80bis [10]. 
For DL transmissions, the LAA eNB employs LBT Cat 4 with variable window size. The CW size is exponentially variable and initially set to q=16 at the beginning of the simulation. Initial CCA has duration BiCCA = 32 us. In case the channel is not sensed to be idle, the random backoff N is selected from [0, q-1]. DeCCA has a duration of 32 us. For subsequent eCCA steps, 8 us sensing intervals are used. Following the initial CCA period(s), if the channel is deemed to be unoccupied, the backoff counter is decremented by 1. 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. The CW will then be updated according to one of the 2 following evaluated options,
LBT Cat 4 Option 1 – Resetting of CW using the countdown mechanism as by ETSI EN 301 893 v1.8.0, Section 4.8.3.2
LBT Cat 4 Option 2 – Resetting of CW based on the eNB received UE A/N on the licensed band PCell UL
The eNB can start DL scheduling immediately after the backoff counter value reaches zero, i.e., earliest after the initial CCA periods. TXOPs are fixed to 4 ms. 
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.

Coexistence evaluation results for DL-only LAA
For the 2 coexistence evaluation cases, Wi-Fi/Wi-Fi and Wi-Fi/LAA, our DL only results for the Indoor Scenario in presence of VoIP traffic are summarized in Appendix A.
Tables A.1 and A.2 show UPT for the FTP NFB traffic and the VoIP outage results for Wi-Fi/Wi-Fi and Wi-Fi-LAA at low, medium and high traffic load points when using an energy detection threshold of -62dBm or -82dBm respectively. Both tables correspond to LBT Cat 4 Option 1 where the CW is reset using the countdown mechanism.
Tables A.3 and A.4 show the corresponding results for LBT Cat 4 Option 2 where the CW is reset based on the eNB received UE A/N on the licensed band PCell UL.
Figures 1 for the case of an -62 dBm energy detection threshold and Figure 2 for -82 dBm summarize our findings for performance of the Wi-Fi network in coexistence Step 1 and Step 2 with both evaluated LBT Cat 4 window adjustment schemes.

[image: N:\PA\Home\kiniav\NYkiniav_dev-cse\Tools\system_level\matlab\common\tbs\LAA\wifi_laa_voip\RAN1_81\UPT_62.eps][image: N:\PA\Home\kiniav\NYkiniav_dev-cse\Tools\system_level\matlab\common\tbs\LAA\wifi_laa_voip\RAN1_81\outage_62.eps]
Figure 1: DL UPT and VoIP outage for Indoor Scenario, Y=1, TXOP=4ms;
LBT Cat 4; CCA threshold = -62 dBm
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Figure 2: DL UPT and VoIP outage for Indoor Scenario, Y=1, TXOP=4ms;
LBT Cat 4; CCA threshold = -82 dBm

From our evaluation results it can be seen that LAA is a better neighbor to Wi-Fi in Step 2 than the replaced Wi-Fi network from Step 1 when a sensing threshold of -82 dBm for both LBT Cat 4 Options 1 and 2 is employed. FTP NFB throughput improves with Wi-Fi/LAA when compared to the Wi-Fi/WiFi case. Observed VoIP UE outage is no worse with Wi-Fi/LAA than in the Wi-Fi/WiFi case.
When LAA uses a sensing threshold of -82 dBm, there is no discernible difference between the performances of the two LBT Cat 4 CW adjustment schemes, one using a countdown based, the other one using a UE NACK based contention-window re-sizing approach. This implies that the system is less sensitive to the choice of the CW re-sizing mechanism when operating at these lower and more aggressive CCA energy detection thresholds.
Our evaluation results also indicate that there is no discernible difference in the FTP NFB throughput when comparing LBT Cat 4 Option 1 (count down based) and Option 2 (A/N based) when LAA uses a sensing threshold of -62 dBm. However, VoIP UE outage with LBT Cat 4 Option 2 (A/N based) is better than that seen with Option 1 (count down based). This is intuitively explainable as in the A/N based approach, an LAA node that observes a transmission failure would double its CW, therefore allowing APs serving latency sensitive VoIP traffic an increased opportunity to gain access to the channel.

Conclusion
In this contribution we compare and discuss DL-only LAA and Wi-Fi coexistence evaluation including VoIP for the Indoor scenario with Y=1 (a single 5 GHz channel) for different types of LBT Cat 4 implementations.
We evaluate and discuss the relative performance of two possible LBT Cat 4 contention window adjustment schemes, one using a countdown based, the other one using a UE A/N based contention-window re-sizing approach. Furthermore, we compare the relative performance of both of these LBT Cat 4 schemes when subjected to different CCA thresholds levels.
From our evaluation results it can be seen that LAA is a better neighbor to Wi-Fi in Step 2 when an aggressive sensing threshold of -82 dBm for both LBT Cat 4 Option 1 (count down based) and Option 2 (A/N based) is employed. FTP NFB throughput improves. Observed VoIP UE outage is no worse with Wi-Fi/LAA than in the Wi-Fi/WiFi case. When LAA uses a sensing threshold of -82 dBm, there is no discernible difference between the performances of the two LBT Cat 4 CW adjustment schemes. This implies that the system is less sensitive to the choice of the CW re-sizing mechanism with LBT Cat 4 when operating at these lower CCA energy detection thresholds.
For the case of -62 dBm energy detection thresholds, we don’t observe any discernible difference in the FTP NFB throughput when comparing the LBT Cat 4 Option 1 (count down based) and Option 2 (A/N based). However, VoIP UE outage ratios using LBT Cat 4 Option 2 (A/N based) are significantly better than what is observed with LBT Cat 4 Option 1 (count down based).
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Appendix A – DL only LAA evaluation results with Wi-Fi and VoIP
Table A.1: Wi-Fi/LAA; DL only; Indoor Deployment; Y=1; TXOP=4ms; VoIP;
LBT Cat 4 with countdown mechanism; CCA threshold = -62 dBm
	
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

	Cat. 4
Option 1 (count down)
	
UPT CDF
[Mbps]
	5%
	20.382
	12.44
	13.494
	8.132
	2.837
	2.965
	4.306
	1.156
	1.558

	
	
	50%
	82.287
	67.759
	69.747
	34.878
	19.050
	19.229
	19.177
	10.616
	11.519

	
	
	95%
	119.852
	110.549
	131.344
	92.197
	82.237
	96.817
	74.300
	75.243
	76.290

	
	
	Mean
	77.727
	67.976
	72.826
	41.537
	28.377
	30.397
	27.062
	20.207
	22.528

	
	
Delay CDF
[s]
	5%
	0.035
	0.041
	0.036
	0.052
	0.052
	0.053
	0.067
	0.057
	0.064

	
	
	50%
	0.056
	0.244
	0.180
	0.281
	0.564
	0.501
	0.435
	0.780
	0.568

	
	
	95%
	0.235
	1.309
	0.942
	1.400
	3.323
	2.962
	2.267
	4.694
	3.439

	
	
	Mean
	0.087
	0.362
	0.321
	0.450
	1.070
	0.866
	0.700
	1.481
	0.990

	
	VoIP outage (%)
	0.0
	12.5
	n/a
	0.0
	75.00
	n/a
	6.25
	75.00
	n/a

	
	𝜌
	0.914
	0.881
	0.947
	0.918
	0.777
	0.891
	0.836
	0.638
	0.821

	
	BO
	14.47
	25.44
	23.73
	44.49
	61.70
	60.87
	61.46
	75.05
	71.35

	
	𝜆
	0.7
	1.0
	1.2

	Additional comments

	Results without licensed carrier, ED threshold = -62 dBm; TXOP independent of q and set to 4ms.
LBT Cat.4 based on R1-152413: eCCA step = 8 us. BiCCA and DeCCA = 32 us. Resetting of CW for LAA based on countdown mechanism as by ETSI EN 301 893 v1.8.0, Section 4.8.3.2 Option A.



Table A.2: Wi-Fi/LAA; DL only; Indoor Deployment; Y=1; TXOP=4ms; VoIP;
LBT Cat 4 with countdown mechanism; CCA threshold = -82 dBm
	
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

	Cat. 4 Option 1 (count down)
	
UPT CDF
[Mbps]
	5%
	20.382
	25.870
	13.931
	8.132
	10.437
	3.940
	4.306
	6.523
	2.365

	
	
	50%
	82.287
	87.712
	81.915
	34.878
	45.488
	23.150
	19.177
	27.505
	16.183

	
	
	95%
	119.852
	120.278
	142.742
	92.197
	103.794
	104.255
	74.300
	89.541
	99.219

	
	
	Mean
	77.727
	83.024
	82.662
	41.537
	50.600
	35.901
	27.062
	36.189
	29.014

	
	
Delay CDF
[s]
	5%
	0.035
	0.035
	0.030
	0.052
	0.042
	0.047
	0.067
	0.048
	0.044

	
	
	50%
	0.056
	0.050
	0.056
	0.281
	0.136
	0.710
	0.435
	0.286
	0.532

	
	
	95%
	0.235
	0.196
	0.439
	1.400
	0.849
	2.424
	2.267
	1.513
	3.974

	
	
	Mean
	0.087
	0.075
	0.120
	0.450
	0.246
	0.952
	0.700
	0.475
	1.212

	
	VoIP outage (%)
	0.0
	0.0
	n/a
	0.0
	0.0
	n/a
	6.25
	6.25
	n/a

	
	𝜌
	0.914
	0.921
	0.984
	0.918
	0.961
	0.915
	0.836
	0.888
	0.715

	
	BO
	14.47
	12.87
	14.80
	44.49
	36.02
	55.50
	61.46
	52.87
	69.07

	
	𝜆
	0.7
	1.0
	1.2

	Additional comments

	Results without licensed carrier, ED threshold = -82 dBm; TXOP independent of q and set to 4ms.
LBT Cat.4 based on R1-152413: eCCA step = 8 us. BiCCA and DeCCA = 32 us. Resetting of CW for LAA based on countdown mechanism as by ETSI EN 301 893 v1.8.0, Section 4.8.3.2 Option A.



Table A.3: Wi-Fi/LAA; DL only; Indoor Deployment; Y=1; TXOP=4ms; VoIP;
LBT Cat 4 with A/N feedback; CCA threshold = -62 dBm
	
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

	Cat. 4 Option 2 (with A/N)
	
UPT CDF
[Mbps]
	5%
	20.382
	12.566
	10.954
	8.132
	3.041
	2.960
	4.306
	1.043
	1.545

	
	
	50%
	82.287
	72.380
	68.376
	34.878
	19.778
	18.866
	19.177
	10.296
	10.208

	
	
	95%
	119.852
	111.885
	132.346
	92.197
	83.039
	87.370
	74.300
	63.028
	74.368

	
	
	Mean
	77.727
	69.303
	72.040
	41.537
	28.226
	29.766
	27.062
	18.225
	20.124

	
	
Delay CDF
[s]
	5%
	0.035
	0.037
	0.034
	0.052
	0.053
	0.059
	0.067
	0.066
	0.058

	
	
	50%
	0.056
	0.268
	0.187
	0.281
	0.582
	0.500
	0.435
	0.676
	0.629

	
	
	95%
	0.235
	1.184
	0.839
	1.400
	3.347
	2.704
	2.267
	4.815
	3.433

	
	
	Mean
	0.087
	0.380
	0.307
	0.450
	1.023
	0.863
	0.700
	1.505
	1.092

	
	VoIP outage (%)
	0.0
	6.25
	n/a
	0.0
	37.5
	n/a
	6.25
	62.5
	n/a

	
	𝜌
	0.914
	0.889
	0.946
	0.918
	0.792
	0.889
	0.836
	0.626
	0.802

	
	BO
	14.47
	23.97
	23.10
	44.49
	60.88
	60.06
	61.46
	76.04
	73.22

	
	𝜆
	0.7
	1.0
	1.2

	Additional comments

	Results without licensed carrier, ED threshold = -62 dBm; TXOP independent of q and set to 4ms.
LBT Cat.4 based on R1-152413: eCCA step = 8 us. BiCCA and DeCCA = 32 us. Resetting of CW for LAA based on A/N received from LAA UE on UL PCell.



Table A.4: Wi-Fi/LAA; DL only; Indoor Deployment; Y=1; TXOP=4ms; VoIP;
LBT Cat 4 with A/N feedback; CCA threshold = -82 dBm
	
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

	Cat. 4 Option 2 (with A/N)
	
UPT CDF
[Mbps]
	5%
	20.382
	26.387
	12.468
	8.132
	10.778
	4.616
	4.306
	6.510
	1.96

	
	
	50%
	82.287
	86.986
	76.070
	34.878
	47.123
	21.977
	19.177
	25.809
	13.429

	
	
	95%
	119.852
	120.291
	142.500
	92.197
	105.984
	115.827
	74.300
	82.717
	87.769

	
	
	Mean
	77.727
	82.069
	81.519
	41.537
	52.192
	37.666
	27.062
	33.314
	25.133

	
	
Delay CDF
[s]
	5%
	0.035
	0.035
	0.030
	0.052
	0.041
	0.041
	0.067
	0.056
	0.057

	
	
	50%
	0.056
	0.051
	0.059
	0.281
	0.126
	0.500
	0.435
	0.293
	0.563

	
	
	95%
	0.235
	0.191
	0.510
	1.400
	0.682
	2.019
	2.267
	1.335
	4.240

	
	
	Mean
	0.087
	0.077
	0.134
	0.450
	0.206
	0.706
	0.700
	0.459
	1.264

	
	VoIP outage (%)
	0.0
	0.0
	n/a
	0.0
	0.0
	n/a
	6.25
	6.25
	n/a

	
	𝜌
	0.914
	0.921
	0.983
	0.918
	0.966
	0.935
	0.836
	0.892
	0.721

	
	BO
	14.47
	13.20
	15.57
	44.49
	33.00
	51.00
	61.46
	53.82
	72.06

	
	𝜆
	0.7
	1.0
	1.2

	Additional comments

	Results without licensed carrier, ED threshold = -82 dBm; TXOP independent of q and set to 4ms.
LBT Cat.4 based on R1-152413: eCCA step = 8 us. BiCCA and DeCCA = 32 us. Resetting of CW for LAA based on A/N received from LAA UE on UL PCell.



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

	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 
	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
Mixed traffic model with each UE carrying only VoIP traffic or only FTP traffic in the Wi-Fi network that is not replaced by LAA.
· Two UEs with VoIP traffic in addition to UEs with FTP traffic
· The VoIP traffic model is based on G.729A (data rate is 24 kbps)
· Packet inter-arrival time: 20 ms
· Packet size: 60 bytes (payload plus IP header overhead)
· Voice activity is assumed to be 100%. Statistics are independently reported in each direction
· No associated control plane traffic is modelled

	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, Outage




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

	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

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	CCA-CS

	
	RTS/CTS
	OFF

	
	Contention window
	FTP Min: 15 slots, Max: 1023 slots
VoIP Min: 3 slots, Max: 7 slots

	CCA-CS
	-82dBm

	CCA-ED 
	-62dBm

	RTS/CTS
	OFF

	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



	Parameters
	Table B.3: Additional LTE system evaluation assumptions

	PCI planning for each NW
	Planned 

	MCS
	QPSK/16QAM/64QAM 

	Antenna configuration	
	2Tx2Rx in DL, Cross-polarized.
Closed loop

	Turbo code block interleaving depth
	Per LTE specs (1-14 LTE OFDM symbols dependent on MCS and PRB allocation)

	Scheduling
	Proportional fair

	Feedback
	10 ms reporting period, 6 ms delay

	Link adaptation
	Realistic

	LBT
	Load based (LBT Cat 4) with

Option 1: Resetting of CW for LAA based on countdown mechanism as by ETSI EN 301 893 v1.8.0, Section 4.8.3.2 Option A.

Option 2: Resetting of CW for LAA based on A/N received from LAA UE on UL PCell.

	CCA-ED
	-62 dBm or -82 dBm

	CCA time
	LBT Cat 4 based on R1-152413:
eCCA step = 8 us
BiCCA and DeCCA = 32 us

	Channel occupancy time
	TXOP 4 ms

	LBT backoff
	LBT Cat 4 based on R1-152413 with Initial CCA using BiCCA then Extended CCA using DeCCA and eCCA step.

	Channel selection
	Minimum neighbour

	Cyclic Prefix
	Normal
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