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1
Introduction

The Study Item of Study on Licensed-Assisted Access (LAA) in unlicensed spectrum (RP-141817) was approved at RAN plenary meeting #66 [1]. One objective is to “Identify and define design targets for coexistence with other unlicensed spectrum deployments, including fairness with respect to Wi-Fi and other LAA services “. The current LAA coexistence evaluation effort has been focusing on the scenarios from 3GPP TR 36.889[2]. However, as we pointed out in our companion contribution [5], the LAA coexistence scenarios in [2] do not use the latest Wi-Fi features of the currently deployed Wi-Fi networks. The outdated Wi-Fi features can result in incorrect or misleading outcomes of the coexistence studies. In this contribution, we conduct system level simulations to show how the different Wi-Fi features can impact the coexistence simulation results. The evaluated Wi-Fi features include closed loop link adaptation (LA), beamforming, number of Wi-Fi AP Tx/Rx antennas, and short guard interval (SGI).
2
Discussion
2.1 Simulation configuration

The simulation configuration is based on the indoor scenario as in [2]. The detailed simulation parameters are listed in the Appendix. We tested the single channel coexistence case and used the mixed traffic model for the study. We used the same approach as in [2] to evaluate the coexistence impacts. First, we generated the baseline performance based on two Wi-Fi networks (Wi-Fi A and Wi-Fi B) coexisting in the scenario. Then, we replaced the Wi-Fi network B with an LAA network in the same scenario and repeated the test. During the replacement, no traffic offloading to a licenced carrier was used in the LAA network. Due to the limited time to prepare the contribution we only ran the simulations for the high load condition.  Further evaluations will be presented at future RAN1 meetings.
In the test, we let LAA use the listen before talk (LBT) scheme based on the EU default requirement [3] but with the initial defer enhancement [4]. That is the LAA LBT uses the fixed contention window q=13 (260us) to match with an LAA 5ms frame and also uses 43us initial defer to match with the Wi-Fi best effort access category. In the test we let Wi-Fi choose one of the following different feature configurations and repeated the coexistence test for each configuration.
Table 1 Wi-Fi parameter configurations
	Wi-Fi configuration
	Number of AP & STA Antennas
	Beamforming
	Link Adaptation
	Guard Interval

	A
	AP 2; STA 2
	None
	Open loop
	Normal

	B
	AP 2; STA 2
	None
	Closed loop
	Normal

	C
	AP 2; STA 2
	Explicit
	Closed loop
	Normal

	D
	AP 4; STA 2
	Explicit
	Closed loop
	Normal

	E
	AP 4; STA 2
	Explicit
	Closed loop
	Short


Note that Wi-Fi configuration A represents the selected features and parameters in the scenario of [2]. That set of features represent the very basic Wi-Fi features without substantial performance & spectral efficiency enhancement features like explicit beamforming, closed loop link adaptation, 4x4 MIMO AP’s, and short guard interval, etc. The Wi-Fi configurations B to E enable the features one by one and show how the individual feature can impact the coexistence test, respectively. Please also note that LAA node uses 2x2 MIMO with beamforming & closed loop link adaptation by default in all the tests.
2.2. Simulation results

The Wi-Fi & LAA coexistence simulation results with different Wi-Fi configurations are captured in Table 2 & Table 3.
	Table 2 Wi-Fi & LAA Coexistence Simulation Results for Wi-Fi Configurations A – C

	Reported parameters
	High load (BO range for Wi-Fi in Step 1: above 55%)

	
	Wi-Fi Configuration A: Normal GI. Open Loop LA. No BF
	Wi-Fi Configuration B: Normal GI. Closed Loop LA. No BF
	Wi-Fi Configuration C: Normal GI. Closed Loop LA. BF

	
	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%
	0.02
	0.27
	0.55
	0.07
	0.15
	0.70
	0.08
	0.14
	0.96

	
	50%
	1.70
	2.26
	9.81
	2.58
	1.53
	11.55
	6.34
	1.73
	11.62

	
	95%
	20.03
	25.54
	31.57
	21.76
	20.48
	28.80
	35.07
	22.47
	29.25

	
	Mean
	5.15
	7.11
	11.25
	6.54
	6.33
	13.05
	10.38
	6.54
	12.90

	Delay CDF [s]
	5%
	0.66
	0.50
	0.23
	0.51
	0.61
	0.15
	0.41
	0.57
	0.12

	
	50%
	2.23
	1.88
	0.90
	1.88
	2.17
	0.78
	1.77
	2.27
	0.71

	
	95%
	4.00
	3.22
	1.81
	3.62
	3.79
	1.43
	2.94
	3.89
	1.41

	
	Mean
	2.29
	1.82
	0.93
	1.95
	2.21
	0.77
	1.77
	2.27
	0.73

	VoIP outage (%)
	50.00
	50.00
	NA
	30.00
	50.00
	NA
	20.00
	50.00
	NA

	98 %ile VoIP latency (ms)
	67.80
	187.75
	NA
	164.07
	285.73
	NA
	32.83
	180.09
	NA

	𝜌
	0.64
	0.74
	0.91
	0.67
	0.70
	0.93
	0.75
	0.69
	0.93

	BO
	0.88
	0.85
	0.77
	0.85
	0.86
	0.73
	0.79
	0.86
	0.74

	𝜆
	1.30

	Additional comments
	 

	
	


	Table 3: Wi-Fi & LAA Coexistence Simulation Results for Wi-Fi Configurations D & E

	Reported parameters
	High load (BO range for Wi-Fi in Step 1: above 55%)

	
	Wi-Fi Configuration D: 4x2. Normal GI. Closed Loop LA. BF
	Wi-Fi Configuration E: 4x2. Short GI. Closed Loop LA. BF

	
	Wi-Fi in Step 1
	LAA: EU CCA
	Wi-Fi in Step 1
	LAA: EU CCA

	
	
	Wi-Fi in Step 2
	LAA in Step 2
	
	Wi-Fi in Step 2
	LAA in Step 2

	
	
	
	
	
	
	

	UPT CDF [Mbps]
	5%
	0.26
	0.17
	0.79
	0.81
	0.25
	2.14

	
	50%
	8.54
	1.66
	10.29
	15.78
	2.72
	14.13

	
	95%
	43.00
	27.28
	30.66
	42.97
	33.44
	30.56

	
	Mean
	13.73
	7.36
	12.38
	17.76
	9.42
	13.50

	Delay CDF [s]
	5%
	0.49
	0.45
	0.18
	0.27
	0.45
	0.10

	
	50%
	1.74
	2.11
	0.80
	1.00
	1.80
	0.54

	
	95%
	2.92
	3.64
	1.44
	1.90
	2.95
	1.26

	
	Mean
	1.77
	2.11
	0.79
	1.03
	1.75
	0.60

	VoIP outage (%)
	12.50
	50.00
	NA
	10.00
	50.00
	NA

	98 %ile VoIP latency (ms)
	22.85
	103.65
	NA
	27.59
	79.01
	NA

	𝜌
	0.80
	0.70
	0.92
	0.92
	0.80
	0.94

	BO
	0.73
	0.84
	0.74
	0.66
	0.82
	0.72

	𝜆
	1.30

	Additional comments
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Figure 1 Wi-Fi A mean UPT change in step 2 (Wi-Fi + LAA) compared with step 1 (Wi-Fi + Wi-Fi) for different Wi-Fi configurations
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Figure 2 Wi-Fi A VoIP 98%ile latency change in step 2 (Wi-Fi + LAA) compared with step 1 (Wi-Fi + Wi-Fi) for different Wi-Fi configurations
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Figure 3 Wi-Fi A VoIP outage change in step 2 (Wi-Fi + LAA) compared with step 1 (Wi-Fi + Wi-Fi) for different Wi-Fi configurations

The coexistence simulation results with different Wi-Fi configurations clearly show that enabling the selected features can improve Wi-Fi performance significantly.  For example, the mean UPT of the Wi-Fi + Wi-Fi case increases from 5.15Mbps with Wi-Fi configuration A (2x2 MIMO without beamforming, normal GI, open loop LA) to 17.76Mbps for Wi-Fi configuration E (4x2 MIMO with beamforming, short GI, closed loop LA). That is a 245% increase. The VoIP outage ratio of the same case decreases from 50% with configuration A to 10% with configuration E. It is also significant that the UPT increases from 5.15 Mbps to 10.38 Mbps or about 2x with configuration C (2x2 MIMO with beamforming, normal GI and closed loop LA) and the VoIP outage is reduced about in half.
Observation 1: Enabling the Wi-Fi features of beamforming, closed loop LA, short GI, & 4x2 MIMO can improve the Wi-Fi performance of Wi-Fi + Wi-Fi significantly.
The Wi-Fi node with configuration A has lower performance or capacity than the LAA node because the LAA default configuration has beamforming, closed loop LA, HARQ, etc. With this configuration, LAA can improve the Wi-Fi A performance in the coexistence test because LAA will use less channel air time to deliver the same amount of data due to its higher efficiency. The results show a similar trend as many other companies’ contributions.
Observation 2: With Wi-Fi configuration A (no beamforming, open loop LA, 2x2 MIMO, normal GI), Wi-Fi A has better UPT performance in step 2 (Wi-Fi + LAA) than in step 1 (Wi-Fi + Wi-Fi).

After enabling the selected features in Wi-Fi configuration B to E, Wi-Fi performance significantly improves. Then replacing Wi-Fi B with LAA in the coexistence test step 2 causes Wi-Fi A performance degradation. Figures 1 to 3 show Wi-Fi A mean UPT, 98%ile VoIP latency, & VoIP outage ratio performance change in step 2 (Wi-Fi + LAA) compared with step 1 (Wi-Fi + Wi-Fi) in the coexistence test for different Wi-Fi configurations, respectively. We can see that LAA causes Wi-Fi A performance degradation for configurations B to E. The degradation is mainly due to two reasons. The first one is due to higher Wi-Fi performance than LAA in these cases when there are transmissions. LAA will need longer channel occupancy time for data transmission for these cases. The second reason is due to the LAA LBT design. As discussed in [4] the LBT used in that evaluation does not have an exponential increase in the contention window during congestion, and it does not use carrier sense detection either. As a result, the LAA node can be aggressive in channel access, and it will get more opportunities to occupy the channel. This applies to all the configurations A – E. Then why does the same LBT not cause Wi-Fi A performance degradation in configuration A? This is due to the aggressiveness of the LBT being compensated by the higher efficiency of LAA in the configuration A case so the LBT effect does not show up.
Observation 3: For Wi-Fi configurations B – E where Wi-Fi can achieve similar or even better performance than LAA, replacing Wi-Fi B with LAA can cause large performance degradation of Wi-Fi A.

From the above observations, the different Wi-Fi configurations can provide completely different coexistence evaluation outcomes.  Based on the evaluation results with Wi-Fi configuration A, we can draw the conclusion that LAA is a good neighbour of Wi-Fi and that the LAA LBT based on the EU default requirement & initial defer enhancement is a good LBT design for LAA. However, based on the results with Wi-Fi configurations B – E, we get the opposite conclusion.

Observation 4: The different Wi-Fi configurations can generate different coexistence evaluation outcomes.
As we discussed above and in [5], the current selected Wi-Fi features in the scenarios in [2] do not reflect the features & parameters that are used in Wi-Fi networks that are recently being deployed. Thus coexistence evaluation based on the selected Wi-Fi features and parameters can provide misleading results. In order to meet the SID goal to identify and define design targets for fair coexistence with other unlicensed spectrum deployments including Wi-Fi, it is important for RAN1 to select appropriate Wi-Fi features and parameters for the coexistence study.
Observation 5: The current selected Wi-Fi parameters in the coexistence evaluation in [2] can provide misleading results.

Observation 6: In order to meet the SID goal to identify and define design targets for fair coexistence with other unlicensed spectrum deployments including Wi-Fi, it is important for RAN1 to select appropriate Wi-Fi parameters for the coexistence study. 

The Wi-Fi features of currently deployed Wi-Fi networks like explicit beamforming, short GI, closed loop LA, & 4x4 MIMO AP’s should be included in the coexistence evaluation. Hence we would like to make the following proposals.
Proposal 1: Coexistence evaluations should use explicit TXBF for 802.11ac Wi-Fi as is now common with home gateway equipment and other AP’s.
Proposal 2: Coexistence evaluations should be based on fast MCS/rank adaptation using explicit TXBF information for Wi-Fi.
Proposal 3: Coexistence evaluations should use short guard intervals for Wi-Fi at least for the indoor scenario.
Proposal 4: Coexistence evaluations should consider 4x4 low cost SOC Wi-Fi AP’s with 2x2 LAA eNB’s and 2x2 devices to take into account underlying cost factors.
3
Conclusions

In this contribution, we have evaluated the different Wi-Fi parameters & features including beamforming, closed loop LA, short GI, & 4x4 MIMO AP’s in the Wi-Fi & LAA coexistence study. Based on the simulation results we make the following observations & proposals.
Observation 1: Enabling the Wi-Fi features of beamforming, closed loop LA, short GI, & 4x2 MIMO can improve the Wi-Fi performance of Wi-Fi + Wi-Fi significantly.
Observation 2: With Wi-Fi configuration A (no beamforming, open loop LA, 2x2 MIMO, normal GI), Wi-Fi A has better UPT performance in step 2 (Wi-Fi + LAA) than in step 1 (Wi-Fi + Wi-Fi).

Observation 3: For Wi-Fi configurations B – E where Wi-Fi can achieve similar or even better performance than LAA, replacing Wi-Fi B with LAA can cause large performance degradation of Wi-Fi A.

Observation 4: The different Wi-Fi configurations can generate significantly different coexistence evaluation outcomes.

Observation 5: The currently selected Wi-Fi parameters in the coexistence evaluation in [2] can provide misleading results.

Observation 6: In order to meet the SID goal to identify and define design targets for fair coexistence with other unlicensed spectrum deployments including Wi-Fi, it is important for RAN1 to select appropriate Wi-Fi features and parameters for the coexistence study. 

Proposal 1: Coexistence evaluations should use explicit TXBF for 802.11ac Wi-Fi as is now common with home gateway equipment and other AP’s.
Proposal 2: Coexistence evaluations should be based on fast MCS/rank adaptation using explicit TXBF information for Wi-Fi.
Proposal 3: Coexistence evaluations should use short guard intervals for Wi-Fi at least for indoor scenarios.
Proposal 4: coexistence evaluations should consider 4x4 low cost SOC Wi-Fi AP’s with 2x2 LAA eNB’s and 2x2 devices to take into account underlying cost factors.
4
References

[1] RP-141817, “Study on Licensed-Assisted Access to unlicensed spectrum”, Ericsson, Qualcomm, Huawei, & Alcatel-Lucent
[2] R1-145474, “3GPP TR 36.889 V0.1.0 Study on Licensed-Assisted Access to Unlicensed Spectrum”

[3] ETSI EN 301 893 v1.7.1, Harmonized European Standard, “Broadband Radio Access Networks (BRAN); 5 GHz high performance RLAN”
[4] R1-150551, “Impact of LAA CCA schemes on Wi-Fi data throughput and VoIP latency”, Broadcom Corporation
[5] R1-151088, “LAA Coexistence with Wi-Fi Evaluation Issues”, Broadcom Corporation

6
Appendix: Simulation parameters
The simulation configuration follows the configuration and broad agreements in [2]. The specific parameter selections are as given below.
Table 4 Indoor scenario parameters
	
	Licensed cell
	Unlicensed cell

	Layout for nodes
	For DL-only coexistence evaluations:

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.


[image: image4]


	System bandwidth per carrier
	10MHz
	20MHz

	Carrier frequency 
	3.5GHz
	5.0GHz

	Number of carriers
	2 (one for each operator)
	For DL-only LAA coexistence evaluations: 1 (to be shared between two operators) 

	Total BS TX power
	24dBm (Ptotal per carrier)
	18 dBm across aggregated carriers

	Total UE TX power 
	Total UE TX power: 23dBm across aggregated cells

Max total UE TX power per cell in licensed spectrum: 23dBm

Max total UE TX power across aggregated cells in unlicensed spectrum: 18 dBm 

	Distance-dependent path loss
	Small cell-to-Small cell, Small cell-to-UE: ITU InH [referring to Table B.1.2.1-1 in TR36.814]
Indoor UE-to-indoor UE: 3GPP TR 36.843 (D2D). 

	Penetration
	0dB

	Shadowing
	ITU InH [referring to Table A.2.1.1.5-1 in TR36.814]

	Antenna pattern
	2D Omni-directional is baseline; directional antenna is not precluded

	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 UEs 
	10 UEs per unlicensed band carrier per operator for DL-only LAA coexistence evaluations


	UE dropping per network
	All UEs should be randomly dropped and be within coverage of the small cell in the unlicensed band.

Example of a dropping method to achieve this with N=10 UEs: 

· Drop a large enough number of UEs, so that at least 10 UEs are covered by the small cell in the unlicensed band. 

· Randomly select 10 UEs from the UEs that have coverage.

	Minimum distance (2D distance)
	3m

	Traffic model
	FTP Model 3: The average file arrival time is 1 second.
FTP model file size: 0.5 Mbytes.

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
	7dB

	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: 10 MHz licensed + 20 MHz unlicensed 

· CA scheduling assumptions stated when reporting results: No traffic offloading on licensed carrier
· Served traffic per small cell per carrier can be reported

UE bandwidth for Wi-Fi: 20 MHz unlicensed

	Network synchronization
	For the same operator, the network can be synchronized and the assumed synchronization accuracy in such simulations should be stated.
Small cells of different operators are not synchronized.

	Performance metrics
	· Performance metric

· User perceived throughput (UPT)

· UPT CDF

· File throughput is calculated per file

· Unfinished files should be incorporated in the UPT calculation. 

· The number of served bits (possibly zero) of an unfinished file by the end of the simulation is divided by the served time (simulation end time – file arrival time).

· User throughput is the average of all its file throughputs

· Latency (From packet arrival in devices (eNB, AP, UE, STA) MAC buffer to successful transmission (including retransmission) of packet)
· Latency CDF

· If VoIP users are included, number of VoIP users with 98%ile latency greater than 50 ms should be reported

· Note: DL and/or UL can be reported when applicable


Table 5 Wi-Fi system evaluation assumptions
	Parameter
	Value

	MCS
	802.11ac MCS table with 256 QAM

	Antenna configuration
	2Tx2Rx or 4Tx2Rx in DL per test
2Tx2Rx or 2Tx4Rx in UL per test
Open loop or explicit beamforming per test

	Channel coding
	LDPC code

	Frame aggregation
	A-MPDU

	MPDU size
	Up to each company

	Max PPDU duration
	5 ms

(Asynchronous to LTE timing)

	MAC
	Coordination
	EDCA

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	Energy detection & preamble detection

	
	Contention window
	EDCA

	CCA-CS
	-82dBm and preamble decoding
(Note preamble occupies the 20MHz system bandwidth with rate 1/2 coding and BPSK modulation)

	CCA-ED
	-62dBm

	ACK Modeled (successful reception, resources utilized)
	Yes

	DL/UL Duplexing
	DL traffic only for DL-only LAA coexistence evaluation

	Rate control
	Open loop or closed loop per test

	Channel selection
	Single channel case

	OFDM symbol length
	4 micro second (normal GI) or 3.6 micro second (short GI) per test


Table 6 LTE system evaluation assumptions
	Parameters
	Value

	PCI planning for each NW
	Planned 

	Antenna configuration

	2Tx2Rx in DL

2Tx2Rx in UL

	Transmission schemes
	TM10, QPSK/16QAM/64QAM/256QAM

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

	Link adaptation
	Closed loop

	CCA-ED
	-62dBm

	Cyclic Prefix
	Normal
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