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1. Introduction
RAN4#74 in Athens agreed WF on Adjacent channel coexistence evaluation in [1]. This WF defines two steps for evaluation metric; Step-1: cdf of the total adjacent channel interference (ACI) seen at adjacent channel when an interferer is transmitting on a neighboring carrier and Step-2: Throughput degradation for victim system due to adjacent channel interferer(s). This paper presents simulation results and analyses for both metrics with the focus in LAA as aggressor and Wi-Fi as victim as one of the most important tasks for the study item is to validate that LAA is at least as good or better neighbour to Wi-Fi than another Wi-Fi network. 
2. Simulation assumptions

In this contribution we focus on studying Case-2 co-existence of RAN4 WF in [1] where LAA is aggressor and Wi-Fi victim system as shown in Figure 1. 
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Figure 1: LAA-to-Wifi co-existence scenarios

The simulator type used for results in this paper is a dynamic similar to the one used for RAN1 LAA – Wi-Fi co-channel co-existence simulations. For the RAN4 LAA – Wi-Fi adjacent channel co-existence study purposes LAA and Wi-Fi are simulated on the adjacent frequency channel and ACI from the neighbour channel and system is modelled. In [1] it was agreed that static simulations are sufficient for the closure of the study item and main focus for the Rio meeting. Since there is only one RAN4 meeting after the Rio meeting before the closure of the study item, we present our first dynamic system simulations in case other companies are also planning dynamic system simulations and would like to discuss the dynamic system simulation assumptions and evaluation methods. It is also worth noting that RAN4 is still discussing how to capture impacts e.g. from Clear Channel Assessment (CCA) and Listen Before Talk (LBT) in the static simulations. In dynamic system simulations these aspects are explicitly modelled and thus, taken into account in the results. 
For the dynamic system simulations it was agreed in [1] that the assumptions for dynamic simulations will follow the RAN1 assumptions plus adjacent channel RF aspects. Our dynamic system simulator has detailed models for WLAN and LAA including LAA scheduler, CCA ED (Energy Detection) and LBT. Additionally ACI is modelled to the simulator. The ACI model used in the simulations is described in detail in [3]. For WLAN ACLR of -26.35 dBc and ACS of 22 dB were used. For LAA different ACLR figures were simulated ranging from – 45 dBc to -26.35 dBc. In the simulations the RAN1 indoor scenario following the assumptions of [2] were used as agreed in [1]. The indoor scenario for LAA – WLAN simulation case is also illustrated in Figure 2.
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Figure 2: Indoor simulation scenario for LAA to WLAN adjacent channel co-existence. LAA and WLAN operators are on adjacent channels.
Results for both Load Based Equipment (LBE) and Frame Based Equipment (FBE) were simulated and analysed as both options are considered in RAN1. Several data load values were also simulated and corresponding buffer occupancies are described in Appendix 1.
WLAN UL and DL data traffic is enabled with 50 – 50 % UL – DL load. LAA has only DL traffic.
More detailed simulation assumptions are listed in appendix 1.  
3. Simulation results
In section 3.1 we present simulation results Step-1 and Step-2 following the RAN4 WF in [1].

· Step-1: cdf of the total adjacent channel interference (ACI) seen at adjacent channel when an interferer is transmitting on a neighboring carrier 

· Step-2: Throughput degradation for victim system due to adjacent channel interferer(s). 
As discussed in Section 2 we focus on LAA to Wi-Fi interference scenarios and co-existence studies in this contribution. In order to validate that LAA is at least as good or better neighbour that another Wi-Fi on the adjacent channel we have also simulated Wi-Fi to Wi-Fi reference cases as well as a baseline case where only one Wi-Fi network is present without any aggressor system on the adjacent channel.

Additionally Section 3.2 shows co-channel interference results for the simulated cases.

3.1 Adjacent channel interference and Throughput Results
In this section we present Adjacent Channel Interference (ACI) and throughput simulation results for different packet arrival rates ranging from 0.2 pkt/s to 1.4 pkt/s in order to understand co-existence performance with different loading levels. Three different LAA ACLR figures of -45 dBc,-30 dBc and -26.35 dBc have been simulated in order to understand how sensitive co-existence is to different LAA ACLR assumptions. As discussed earlier, the results are presented for the two agreed evaluation metrics Step-1 and Step-2.
Step-1 evaluation metric was agreed to be:
“Step-1:Transmission opportunity for LAA at adjacent channel due to wifi interferer. i.e. To plot the cdf of the total adjacent channel interference (ACI) seen at adajcent channel when an interferer is transmitting on a neighboring carrier”

The plots of ACI from LAA to WLAN and plot of ACI from WLAN to WLAN reference case are shown in the left hand side on Figure 3 to Figure 9.

Step-2 evaluation metric was agreed as:

“Throughput degradation for victim system due to adjacent channel interferer(s) “ 

The corresponding WLAN throughput figures are shown on the right hand side in the Figure 3 to Figure 9 with different LAA ACLR assumptions and WLAN-WLAN reference case and baseline WLAN throughput figure when there is no aggressor system on the adjacent channel. 
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Figure 3: ACI of LAA to WLAN for LAA LBE and FBE, and WLAN Throughput when adjacent channel is operated by another WLAN or LAA, for Packet arrival rate = 0.2 pkt/s
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Figure 4: ACI of LAA to WLAN for LAA LBE and FBE, and WLAN Throughput when adjacent channel is operated by another WLAN or LAA, for Packet arrival rate = 0.4 pkt/s
	[image: image7.png]0.95 -

0.

0.75

0.

9l

b

g

Adjacent channel interference. Packet arrival rate = 0.6 [pkt/s]

—
=

o35

L L L L 1 L L

.7
-110

-105

-100 -95 -90 -85 -80 -75 -70
dBm

— — — Intra-WLAN ACI: 2 WLAN operators: ACLR WLAN = -26.35 dBc
—— LAA->WLAN ACI, LBE, ACLR LAA = -26.35 dBc

——— LAA->WLAN ACI, FBE, ACLR LAA = -26.35 dBc

— — — LAA->WLAN ACI, LBE, ACLR LAA = -30 dBc

= = = LAA->WLAN AClI, FBE, ACLR LAA = -30 dBc

= LAA->WLAN ACI, LBE, ACLR LAA = -45 dBc

=== LAA->WLAN ACI, FBE, ACLR LAA = -45 dBc

-60




	[image: image8.png]0.95

0.9

CDF

0.8

0.75

0.7

Throughput per FTP3 packet. Packet arrival rate = 0.6 [pkt/s]

I
20 30 40
Mbps

— — — 2 WLAN operators: ACLR WLAN = -26.35 dBc
——— WLAN, LBE, ACLR LAA = -26.35 dBc
——— WLAN, FBE, ACLR LAA = -26.35 dBc

— — — WLAN, LBE, ACLR LAA = -30 dBc
— WLAN, FBE, ACLR LAA = -30 dBc
WLAN, LBE, ACLR LAA = -45 dBc

WLAN, FBE, ACLR LAA = -45 dBc
Baseline, WLAN only, No ACI

50

60






Figure 5: ACI of LAA to WLAN for LAA LBE and FBE, and WLAN Throughput when adjacent channel is operated by another WLAN or LAA, for Packet arrival rate = 0.6 pkt/s
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Figure 6:  ACI of LAA to WLAN for LAA LBE and FBE, and WLAN Throughput when adjacent channel is operated by another WLAN or LAA, for Packet arrival rate = 0.8 pkt/s
	[image: image11.png]0.95 |-

0.85 |-

Adjacent channel interference. Packet arrival rate = 1 [pkt/s]

PRt

2

L L L L 1 L7 L

-100 -95 -90 -85 -80 -75 -70
dBm

— — — Intra-WLAN ACI: 2 WLAN operators: ACLR WLAN = -26.35 dBc
—— LAA->WLAN ACI, LBE, ACLR LAA = -26.35 dBc

——— LAA->WLAN ACI, FBE, ACLR LAA = -26.35 dBc

— — — LAA->WLAN ACI, LBE, ACLR LAA = -30 dBc

= = = LAA->WLAN AClI, FBE, ACLR LAA = -30 dBc

= LAA->WLAN ACI, LBE, ACLR LAA = -45 dBc

=== LAA->WLAN ACI, FBE, ACLR LAA = -45 dBc

-65

-60




	[image: image12.png]CDF

0.95

0.9

0.85

0.8

Throughput per FTP3 packet. Packet arrival rate

= 1[pkt/s]

I
20 30 40
Mbps

— — — 2 WLAN operators: ACLR WLAN = -26.35 dBc
——— WLAN, LBE, ACLR LAA = -26.35 dBc
——— WLAN, FBE, ACLR LAA = -26.35 dBc

— — — WLAN, LBE, ACLR LAA = -30 dBc
— WLAN, FBE, ACLR LAA = -30 dBc
WLAN, LBE, ACLR LAA = -45 dBc

WLAN, FBE, ACLR LAA = -45 dBc
Baseline, WLAN only, No ACI

50

60






Figure 7: ACI of LAA to WLAN for LAA LBE and FBE, and WLAN Throughput when adjacent channel is operated by another WLAN or LAA, for Packet arrival rate = 1.0 pkt/s
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Figure 8: ACI of LAA to WLAN for LAA LBE and FBE, and WLAN Throughput when adjacent channel is operated by another WLAN or LAA, for Packet arrival rate = 1.2 pkt/s
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Figure 9: ACI of LAA to WLAN for LAA LBE and FBE, and WLAN Throughput when adjacent channel is operated by another WLAN or LAA, for Packet arrival rate = 1.4 pkt/s, 

The ACI simulations results show that with all packet arrival rates, for both LAA LBE and FBE modes ACI caused by LAA to Wi-Fi is significantly smaller than ACI caused by another WLAN network. Only in case of LAA -26.35 dBc with LAA FBE mode there are two very small places in ACI cdf curves where ACI of LAA FBE with -26.35 dBc is slightly higher than the ACI of another WLAN. Also the cdf tail of ACI caused by another WLAN is higher than that of LAA FBE even with -26.35 dBc. Furthermore, throughput cdf differences between WLAN to WLAN reference case and LAA FBE with -26.35 dBc to WLAN case are hardly noticeable. In all other cases LAA causes significantly less ACI than another WLAN and WLAN throughputs are significantly better in cases of LAA as aggressor than another WLAN as aggressor. Based on these simulation results LAA both with LBE and FBE modes is better adjacent channel neighbour than another WLAN at least with LAA ACLR of -30 dBc and -45 dBc. In case of -26.35 dBc LAA ACLR and FBE mode the co-existence performance of LAA and WLAN as aggressors are rather equal.
Observation1: ACI from adjacent channel LAA to WLAN is not stronger that from another WLAN operating in adjacent channel, even if the LAA ACLR level is -26.35 dBc.
Whether the adjacent channel is operated by another WLAN or LAA does not seem to have impact on WLAN throughput. 

Observation2: Adjacent channel LAA has equal or less impact on WLAN throughput than another WLAN, even if LAA ACLR level is -26.35 dBc. 
Observation3: In cases of LAA ACLR -30 dBc or better LAA is even better neighbour than another WLAN both in terms of ACI and WLAN throughput impacts caused by adjacent channel aggressor system.
3.2 Co-channel interference

This section presents results for co-channel interference per subcarrier. These are additionally results, which were not requested in the RAN4 WF in [1]. However, we believe that these results provide additional information on how WLAN co-channel interference behaves with different packet arrival rates (loads) and in cases of adjacent channel aggressor; WLAN or LAA with different ACLR assumptions. 
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Figure 10: Co-channel WLAN interference per subcarrier for Packet arrival rate 0.2 pkt/s and 0.4 pkt/s
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Figure 11: Co-channel WLAN interference per subcarrier for Packet arrival rate 0.6 pkt/s and 0.8 pkt/s
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Figure 12: Co-channel WLAN interference per subcarrier for Packet arrival rate 1.0 pkt/s and 1.2 pkt/s
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Figure 13: Co-channel WLAN interference per subcarrier for Packet arrival rate 1.4 pkt/s

The WLAN co-channel interference per sub-carrier is generally the smallest when there is no adjacent channel aggressor as expected as co-channel traffic does not need to “compete” with adjacent channel interference. These co-channel results also generally show that LAA with both modes and different simulated LAA ACLR figures from -40 dBc to -26.35 dBc has less negative impact on co-channel interference per subcarrier than another WLAN. 
4. Conclusions
In this contribution we have presented our LAA to Wi-Fi co-existence simulation results in the indoor scenario. In the simulations we have focused on Case-2 of the agreed RAN4 WF in [1] where LAA is aggressor and Wi-Fi victim system. 

Both Load Based Equipment (LBE) and Frame Based Equipment (FBE) were simulated. For WLAN ACLR of -26.35 dBc and ACS of 22 dB were used in the simulations. For LAA different ACLR figures were simulated ranging from – 45 dBc to -26.35 dBc. 
Both ACI and throughput results are presented as follows;

· Step-1: cdf of the total adjacent channel interference (ACI) seen at adjacent channel when an interferer is transmitting on a neighboring carrier 

· Step-2: Throughput degradation for victim system due to adjacent channel interferer(s). 
For additional information we have also presented cdf curves for co-channel interference per subcarrier when adjacent channel aggressor is presented.

Based on our first simulation results and discussions in the contribution the following observations can be made.
Observation1: ACI from adjacent channel LAA to WLAN is not stronger that from another WLAN operating in adjacent channel, even if the LAA ACLR level is -26.35 dBc.

Observation2: Adjacent channel LAA has equal or less impact on WLAN throughput than another WLAN, even if LAA ACLR level is -26.35 dBc. 
Observation3: In cases of LAA ACLR -30 dBc or better LAA is even better neighbour than another WLAN both in terms of ACI and WLAN throughput impacts caused by adjacent channel aggressor system.
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Appendix 1: Simulation assumptions

Baseline LAA & WLAN simulation assumptions:

	Parameter
	Value

	Simulation scenario
	ITU Indoor hotspot

	Simulation duration
	1200 s

	Propagation model
	ITU InH (Table B.1.2.1-1 in TR36.814)

	Slow fading (shadowing)
	ITU InH [Table A.2.1.1.5-1 in TR36.814)

	Traffic model
	FTP model 3, Packet size 0.5 MB

	LTE traffic
	Downlink (100% users)

	WLAN traffic
	Uplink and Downlink (50% & 50% of users), 

	Traffic transport protocol
	UDP

	Max segment size
	500 B

	RLC mode
	Transparent

	Number of users per drop
	20 (total), 10 per operator

	User positioning
	Uniform, minimum inter-node distance 3 meters

	User mobility
	Static, fast fading velocity 3 km/h

	UE noise figure
	10 dB

	STA noise figure
	9 dB

	eNB/AP height
	6 m

	UE/STA height
	1.5 m

	Drop duration
	20 s

	eNB/AP Tx power
	23 dBm (Antenna gain 0 dBi)

	UE/STA Tx power
	18 dBm (Antenna gain 0 dBi)

	Antenna pattern
	Omni-directional

	Simulated bandwidth
	20 MHz unlicensed

	Center frequency
	5 GHz

	Packet arrival rate (pkts/sec.)
Symmetric load in LAA and WLAN
	{0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4}

	ACLR_LAA
	{-26.35, -30, -45 }

	ACLR_WLAN
	-26.35


WLAN parameters:
	WLAN parameter
	Value

	Simulator step resolution
	1/250000 s (1 WLAN symbol)

	WLAN standard
	IEEE 802.11ac

	RTS/CTS
	Disabled

	WLAN Scanning
	Optimal (STAs select the best AP always)

	Handovers
	Disabled

	minCW
	15

	maxCW
	1023

	AIFSN
	3

	TXOP limit
	4.096 ms

	Link adaptation
	Simple ACK/NACK based, error due to collision does not drop MCS

	AP DL MAC scheduling algorithm
	Round Robin

	MPDU/MSDU aggregation
	Enabled

	RLC mode
	Transparent

	CCA-CS
	-82 dBm

	CCA-ED
	-62 dBm

	Antenna configuration
	1x1

	MCSs
	802.11ac MCSs, excluding 256QAM


LAA Parameters:
	LAA parameter
	Value

	Simulator step resolution
	1/14000 s (~71.4 μs)

	CQI
	Enabled

	Antenna configuration
	1x2 MRC (DL)

	Cell selection measurement quantity
	RSRP

	UE measurement interval
	50 ms

	UE measurement averaging
	200 ms

	eNB synchronicity
	Synchronous

	DL scheduler
	TD: PF, FD: PF

	Max no of scheduled users per TTI
	20

	HARQ
	Chase combining

	PDCCH
	Ideal (always received)

	LA
	Enabled

	OLLA
	Enabled

	MCSs
	QPSK, 16QAM or 64QAM

	CRS
	Enabled

	No of control symbols per TTI
	1

	RLC mode
	Transparent

	CCA-ED (LBT threshold)
	-62 dBm

	Active symbols during muted/backoff TTIs
	None

	Listened nodes in LBT
	All WLAN & LAA nodes

	LAA modes
	LBE, FBE

	LBE Q-value
	24

	LTE-U.TXOPDuration_ms
	1

	LTE-U.LBTBackoffTime_ms
	1

	LTE-U.NoOfMutedLastTXOPSymbols
	1

	LTE-U.NoOfMutedTTIs
	0


Simulation Scenario for LAA to WLAN:
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Simulation scenario for WLAN to WLAN case:
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Simulation scenario for baseline WLAN only
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