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Introduction
In RAN1 #80, additional evaluation assumptions and methodologies for LAA-WIFI co-existence performance evaluation were discussed and agreed [1].  
Agreements: 
· Classify the evaluated LBT schemes according to the following categories:
· Category 1: No LBT
· Category 2: LBT without random back-off
· Category 3: LBT with random back-off with fixed size of contention window
· Category 4: LBT with random back-off with variable size of contention window
Note: Contention window is the maximum possible random back-off value
Note: Category classification does not restrict a LBT design investigation
Note: Company is encouraged to evaluate many categories as much as possible
· Illustrative examples
· FBE procedure as defined in EN BRAN V1.8.0 belongs to category 2
· LBE procedure with a fixed q for the contention window as defined in EN BRAN V1.8.0 belongs to category 3
· LBE procedure Op A with a variable q for the contention window as defined in EN BRAN V1.8.0 belongs to category 4
In this contribution, we provide the LAA-WIFI co-existence evaluation results for outdoor scenario.
Discussion
1.1 Evaluation scenarios and assumptions
Following five co-existence scenarios with two operators sharing the same unlicensed carrier are simulated.
· Scenario 1:  Operator #1 deploys WIFI and operator #2 deploys WIFI
· Scenario 2:  Operator #1 deploys WIFI and operator #2 deploys LAA with LBT Cat. 1
· Scenario 3:  Operator #1 deploys Wi-Fi and operator #2 deploys LAA with LBT Cat. 2
· Scenario 4:  Operator #1 deploys Wi-Fi and operator #2 deploys LAA with LBT Cat. 3
· Scenario 5:  Operator #1 deploys Wi-Fi and operator #2 deploys LAA with LBT Cat. 4
In this contribution only outdoor scenario is simulated. Four small cells are deployed in the cluster for each of the two operators. All UEs are assumed to be outdoor UEs.
In the simulation, DL only transmission in both LAA and WIFI is assumed with a single carrier frequency of 20MHz on the 5GHz unlicensed band. Data transmission on the Pcell, i.e. licensed carrier is not modelled, which means all the traffic is served on the unlicensed carrier. FTP traffic model 1 is used in the evaluation, where the user arrivals in the compared scenarios are kept as the same in the simulator. Different traffic rate (defined as per cell arriving rate) are simulated to cover the low to high traffic load scenarios. UPT and latency are used as the performance metric. Buffer occupancy rate and a ratio of mean served cell throughput and offered cell throughput are also reported for reference. In case of LBT, category 1-4 mechanisms are all simulated. 
· LBT Cat 1 - No LBT is used
· LBT Cat 2 - The frame based LBT as defined in ETSI EN 301 893 v1.8.0 section 4.8.3.1 is used 
· LBT Cat 3 - The load based LBT as defined in ETSI EN 301 893 v1.8.0 section 4.8.3.2 option B is used 
· LBT Cat 4 - The load based LBT as defined in ETSI EN 301 893 v1.8.0 section 4.8.3.2 option A is used 
Maximum transmission duration of 4ms is utilized for both LAA and WIFI. In LBT Cat 2 and 3, the length of a CCA time slot is 20us, while the length of CCA time slot is 18us for LBT Cat 4. The idle period is modelled as 5% of the frame period for LBT Cat. 2, i.e. 200us in case of 4ms frame period. In LBT Cat 3, a largest value q=32 is selected since it is expected to provide the most friendly co-existence with WIFI. In LBT Cat 4, the initial value of q is 16 and shall be doubled for every ECCA check, if previous one failed to find N unoccupied ECCA slots. In all of the LBT schemes, data transmission in partial subframe is allowed. 
More detailed simulation parameters and assumptions can be found in appendix B table B-1, B-2 and B-3. 
1.2 Evaluation results
In this section we provide evaluation results for the five co-existence scenarios with the following performance metrics
· DL UPT
· Latency
· Buffer occupancy (BO)
· Ratio of mean served cell throughput and offered cell throughput 
The traffic load of each scenario is indicated with DL arrival rate = {1, 2, 3}, which corresponds to low, medium and high traffic load scenario. The simulation results are shown in figure 1 and 2 and more detail in table A-1, A-2, A-3 and A-4 in appendix A. The UPT performance of the WIFI network co-exists with LAA or LTE are compared with that of the reference scenario to see the co-existence feasibility. 
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Figure 1: WIFI performance with LAA and WIFI co-existence
Figure 1 shows the cell average UPT of WIFI network in different traffic load conditions for LAA-WIFI co-existence scenario where the WIFI-WIFI co-existence performance is also shown as the baseline. With these results we can have following observations.
· LTE without LBT can significantly degrades the UPT performance of the WIFI network on the same carrier.
· When LBT is applied for LAA, no matter which LBT schemes is utilized, the UPT performance of the WIFI network sharing the same carrier with LAA will not be worse, or even better than the case when sharing the same carrier with another WIFI network. This is due to the better efficiency of LAA than WIFI so that more resources can be used by the concerned WIFI network. Therefore LAA could provide good co-existence capability with WIFI.
· When comparing the WIFI performance which co-exists with LAA with different LBT schemes, we can see that WIFI co-exist with FBE (LBT Cat 2) has the best performance in all the traffic loads. It means that FBE can provide best co-existence performance among the compared LBT schemes. It can also be seen that LBT Cat 3 and Cat 4 could provide comparable co-existence performance for WIFI, while LBT Cat 4 could provide some gain in the high traffic load region. 
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 Figure 2: LAA performance with LAA and WIFI co-existence
Figure 2 shows the cell average UPT of LAA network in different traffic load conditions for LAA-WIFI co-existence scenario using different LBT schemes. With these results we can have following observations.
· By using LBT, the LAA performance can be significantly improved than the case without LBT, in the low traffic load region. Therefore both LAA and WIFI network can enjoy the benefit given by applying LBT.
· When comparing LAA performance with different LBT schemes, we see can have the following observations
· LBT Cat 4 performs best in the low to medium traffic region, since the channel access capability is high while the overhead is low. The overhead of LBE scheme is highly dependent on the size of the applied contention window, which is normally at the lowest value q=16 in the low to medium loads in LBT Cat 4
· Although FBE can have less channel access capability, the FBE performance is higher than LBT Cat 3. This is mainly due to two reasons. The 1st reason is that in the applied short TXOP of 4ms, the degradation of channel access capability in FBE is not so significant compared to LBE. The 2nd reason is that in order to ensure the best co-existence performance with WIFI, the maximum size of the fixed random backoff window size of q=32 is used for LBT Cat 3, which results in significantly higher overhead due to LBT operation, compared that of FBE.

Conclusion
In this contribution, we provide LAA-WIFI co-existence evaluation results for outdoor scenario. According to these evaluation results, following observations can be made:
Observation 1: LTE without LBT can significantly degrades the UPT performance of the WIFI network on the same carrier.
Observation 2: Either LBE based or FBE based LAA could provide good co-existence with WIFI.
Observation 3: FBE provides the best co-existence performance to WIFI network.
Observation 4: LBT Cat 4 provides slightly better co-existence performance to WIFI network in the high traffic load region than LBT Cat 3, while in low to medium load region the performance of WIFI network with these two LBT schemes are comparable.   
Observation 5: LAA with LBT Cat 4 can have better performance from LAA perspective than other LBT schemes in the low to medium traffic load region, due to the high channel access capability and the lowest LBT overhead.
Observation 6: FBE could provide slightly better performance from LAA perspective than LBT Cat 3 (LBE) in a short TXOP case.
Observation 7: The LAA performance with different LBT schemes is comparable in the medium to high traffic load region.  
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Appendix A: Simulation results

Table A-1: Wi-Fi and LAA; Outdoor Deployment; X=4, Y=1, LBT category 1
	
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. 1
(i.e. No LBT)
	
UPT CDF
[Mbp]
	5%
	3.10
	1.56
	13.3
	0
	0
	3.19
	0
	0
	2.02

	
	
	50%
	64.89
	30.95
	56.34
	6.14
	2.43
	27.03
	1.95
	0.27
	18.31

	
	
	95%
	128.6
	85.70
	114.29
	96.74
	61.07
	88.88
	45.72
	30.20
	67.80

	
	
	Mean
	66.35
	36.49
	58.12
	20.98
	12.35
	33.64
	9.45
	4.86
	24.72

	
	
Delay CDF
[s]
	5%
	0.0621
	0.0908
	0.0660
	0.0706
	0.1094
	0.0820
	0.1276
	0.1965
	0.1120

	
	
	50%
	0.1201
	0.2460
	0.1380
	0.6312
	1.0710
	0.2760
	1.0384
	1.8767
	0.3990

	
	
	95%
	1.6396
	2.1179
	0.566
	2.8749
	3.9230
	1.2670
	2.986
	4.4714
	1.9070

	
	
	Mean
	0.3735
	0.5424
	0.2223
	0.9825
	1.4147
	0.4226
	1.2993
	2.0750
	0.5948

	
	𝜌
	0.9528
	0.9315
	0.9836
	0.7602
	0.6756
	0.9525
	0.6046
	0.4630
	0.9639

	
	BO
	12%
	16.03%
	9.23%
	44.41%
	52.83%
	28.42%
	58.47%
	69.77%
	48.53%

	
	𝜆
	1
	2
	3

	Additional comments

	FTP model 1, maximum transmission duration is 4ms for both LAA and WIFI.
For LAA, traffic is served on the unlicensed carrier only.
For WIFI, RTS/CTS, 256QAM, LDPC codes are not modeled.



Table A-2: Wi-Fi and LAA; Outdoor Deployment; X=4, Y=1, LBT category 2
	
LAA 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]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.2
(i.e. 
LBT without random back-off)
	
UPT CDF
[Mbps]
	5%
	3.10
	2.05
	5.65
	0
	0
	0.969
	0
	0
	0.53

	
	
	50%
	64.89
	73.63
	79.65
	6.14
	5.64
	18.95
	1.95
	1.40
	10.58

	
	
	95%
	128.6
	129.98
	127.59
	96.74
	122.96
	125.58
	45.72
	72.56
	100.67
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	Mean
	66.35
	71.55
	75.94
	20.98
	25.3
	34.98
	9.45
	12.16
	24.22

	
	
Delay CDF
[s]
	5%
	0.0621
	0.0615
	0.0625
	0.0706
	0.0635
	0.0637
	0.1276
	0.1037
	0.0761

	
	
	50%
	0.1201
	0.1062
	0.0972
	0.6312
	0.6269
	0.3552
	1.0384
	1.0402
	0.7409

	
	
	95%
	1.6396
	2.3308
	1.1735
	2.8749
	3.273
	2.3656
	2.986
	2.714
	2.4427

	
	
	Mean
	0.3735
	0.3969
	0.2867
	0.9825
	1.0089
	0.6526
	1.2993
	1.1831
	0.9887

	
	𝜌
	0.9528
	0.9235
	0.9723
	0.7602
	0.7366
	0.8978
	0.6046
	0.5870
	0.8427

	
	BO
	12%
	13.04%
	10.55%
	44.41%
	43.3%
	34.18%
	58.47%
	55.79%
	48.22%

	
	𝜆
	1
	2
	3

	Additional comments

	FTP model 1, maximum transmission duration is 4ms for both LAA and WIFI.
For LAA, the frame based LBT as defined in ETSI EN 301 893 v1.8.0 section 4.8.3.1 is used with frame period of 4ms and CCA time slot of 20us.
For LAA, traffic is served on the unlicensed carrier only.
For WIFI, RTS/CTS, 256QAM, LDPC codes are not modeled.




Table A-3: Wi-Fi and LAA; Outdoor Deployment; X=4, Y=1, LBT category 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

	
LBT 
Cat.3
(LBT with random back-off with fixed size of contention window)
	
UPT CDF
[Mbps]
	5%
	3.10
	2.71
	6.33
	0
	0
	1.05
	0
	0
	0.62

	
	
	50%
	64.89
	70.79
	78.19
	6.14
	4.57
	18.48
	1.95
	1.08
	10.55

	
	
	95%
	128.6
	128.77
	125.2
	96.74
	113.79
	121.07
	45.72
	62.81
	91.56
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	Mean
	66.35
	70.08
	75.43
	20.98
	21.87
	33.5
	9.45
	10.67
	23.03

	
	
Delay CDF
[s]
	5%
	0.0621
	0.0621
	0.0638
	0.0706
	0.0655
	0.0650
	0.1276
	0.1052
	0.0752

	
	
	50%
	0.1201
	0.1126
	0.1009
	0.6312
	0.6853
	0.3563
	1.0384
	1.0561
	0.7235

	
	
	95%
	1.6396
	1.6065
	1.0823
	2.8749
	3.4184
	2.1366
	2.986
	2.802
	2.4162

	
	
	Mean
	0.3735
	0.3608
	0.2725
	0.9825
	1.0947
	0.6140
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	1.2784
	0.9768

	
	𝜌
	0.9528
	0.9562
	0.9753
	0.7602
	0.7144
	0.9075
	0.6046
	0.5643
	0.8564

	
	BO
	12%
	12.56%
	10.11%
	44.41%
	46.44%
	33.88%
	58.47%
	57.40%
	48.30%

	
	𝜆
	1
	2
	3

	Additional comments

	FTP model 1, maximum transmission duration is 4ms for both LAA and WIFI.
For LAA, load based LBT as defined in ETSI EN 301 893 v1.8.0 section 4.8.3.2 option B is used with q=32 and 20us CCA time slot.
For LAA, traffic is served on the unlicensed carrier only.
For WIFI, RTS/CTS, 256QAM, LDPC codes are not modeled.




Table 1-4: Wi-Fi and LAA; Outdoor Deployment; X=4, Y=1, LBT category 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

	LBT Cat.4
(LBT with random back-off with variable size of contention window)
	
UPT CDF
[Mbp]
	5%
	3.10
	2.94
	7.45
	0
	0
	1.18
	0
	0
	0.74

	
	
	50%
	64.89
	70.20
	88.02
	6.14
	3.74
	20.74
	1.95
	1.17
	11.63

	
	
	95%
	128.6
	129.66
	129
	96.74
	100.7
	126.23
	45.72
	70.48
	95.47
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	Mean
	66.35
	70.06
	81.1
	20.98
	20.2
	35.36
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	11.89
	23.52

	
	
Delay CDF
[s]
	5%
	0.0621
	0.0616
	0.0619
	0.0706
	0.0718
	0.0628
	0.1276
	0.1115
	0.0755

	
	
	50%
	0.1201
	0.1122
	0.0896
	0.6312
	0.7163
	0.3154
	1.0384
	1.0413
	0.6985

	
	
	95%
	1.6396
	1.4843
	0.9533
	2.8749
	3.4388
	2.2156
	2.986
	2.816
	2.4729

	
	
	Mean
	0.3735
	0.3585
	0.2369
	0.9825
	1.1397
	0.6014
	1.2993
	1.2661
	0.9630

	
	𝜌
	0.9528
	0.9525
	0.9790
	0.7602
	0.6972
	0.9093
	0.6046
	0.5655
	0.8583

	
	BO
	12%
	12%
	9.05%
	44.41%
	47.60%
	33.78%
	58.47%
	58.82%
	47.34%

	
	𝜆
	1
	2
	3

	Additional comments

	FTP model 1, maximum transmission duration is 4ms for both LAA and WIFI.
For LAA, load based LBT as defined in ETSI EN 301 893 v1.8.0 section 4.8.3.2 option A is used 
For LAA, traffic is served on the unlicensed carrier only.
For WIFI, RTS/CTS, 256QAM, LDPC codes are not modeled.



Appendix B: Simulation assumptions
Table B-1 Outdoor scenario for LAA coexistence evaluations
	
	Macro cell
	Licensed small cell
	Unlicensed small cell

	Layout
	Hexagonal grid, 3 sectors per site, case 1
· 500m ISD
Macro eNBs of the two networks are collocated.
19 Macro sites are be used. 
	Clusters uniformly random within macro geographical area; 4 small cells per operator, uniformly random dropping within cluster area.


	System bandwidth per carrier
	10MHz
	10 MHz
	20MHz

	Carrier frequency 
	2.0GHz 
	3.5 GHz
	5.0GHz

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

	Total BS TX power 
	46dBm (Ptotal per carrier)
	30 dBm (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
	ITU UMa [referring to Table B.1.2.1-1 in TR36.814]
(3D distance between an eNB and a UE is applied. Working assumption is that 3D distance is also used for break point distance and LOS probability.)
	ITU UMi [referring to Table B.1.2.1-4 in TR36.814]
(3D distance between an eNB and a UE is applied. Working assumption is that 3D distance is also used for break point distance and LOS probability.)
	Small cell-to-Small cell, Small cell-to-UE: ITU Umi [referring to Table B.1.2.1-4 in TR36.814]


	Penetration
	For outdoor UEs:0dB
For indoor UEs: 20dB+0.5din (din : independent uniform random value between [ 0, min(25,d) ] for each link)
	For outdoor UEs:0dB
For indoor UEs: 23dB+0.5din (din : independent uniform random value between [ 0, min(25,UE-to-eNB distance) ] for each link)
	For outdoor UEs:0dB
For indoor UEs: 27dB+0.5din (din : independent uniform random value between [ 0, min(25,UE-to-eNB distance) ] for each link)

	Shadowing
	ITU UMa according to Table A.1-1 of 36.819
Working assumption is that 3D distance is used for shadowing correlation distance
	ITU UMi [referring to Table B.1.2.1-1 in TR36.814]
Working assumption is that 3D distance is used for shadowing correlation distance
	ITU UMi [referring to Table B.1.2.1-1 in TR36.814]
Working assumption is that 3D distance is used for shadowing correlation distance

	Antenna pattern
	3D,  referring to TR36.819
	2D Omni-directional is baseline; directional  antenna is not precluded
	2D Omni-directional is baseline; directional  antenna is not precluded

	Antenna Height: 
	25m
	10 m
	10m

	UE antenna Height
	1.5 m
	1.5m
	1.5 m

	Antenna gain + connector loss
	17 dBi 
	5 dBi
	5 dBi

	Antenna gain of UE
	0 dBi
	0 dBi
	0 dBi

	Fast fading channel between eNB and UE
	ITU UMa according to Table A.1-1 of 36.819
	ITU Umi
	ITU Umi

	Number of clusters/buildings per macro cell geographical area
	1

	UE dropping for each network
	All UEs should be randomly dropped and be within coverage of the small cell in the unlicensed band
100% of UEs are outdoor.

	Radius for small cell dropping in a cluster
	50m 

	Radius for UE dropping in a cluster
	70m

	Traffic model
	FTP Model 1 as in TR 36.814
FTP model file size: 0.5Mbytes.

	Minimum distance (2D distance)
	Small cell-small cell: 20m

	
	Inter-operator small cell-small cell: 10 m

	
	Small cell-UE, UE-UE: 3m

	
	Macro –small cell cluster center: 105m

	
	Macro – UE : 35m

	
	cluster center-cluster center: 2*Radius for small cell dropping in a cluster

	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
	20 MHz unlicensed,  Single carrier is adopted.


	Performance metrics
	· Performance metric
· User perceived throughput (UPT)
·  UPT 
· File throughput is calculated per file
· Unfinished files should be incorporated in the UPT calculation. 
· User throughput is the average of all its file throughputs 


[bookmark: _Toc404376177]Table B-2 Additional Wi-Fi system evaluation assumptions
	Parameter
	Value

	MCS
	MCS table without 256 QAM 

	Antenna configuration
	2Tx2Rx in DL, Cross-polarized 
Closed loop MIMO transmission with rank adaptation.

	Frame aggregation
MPDU size
Max PPDU duration
	Frame aggregation is adopted for Wi-Fi simulation, with 1ms fixed PPDU duration and variable A-MPDU sizes.
TXOP is adopted in simulation in which the Wi-Fi AP can transmit data continuously without channel competition.

	MAC
	Coordination
	DCF


	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	Energy detection & preamble detection

	
	RTS/CTS
	No RTS/CTS

	
	Contention window
	Per DCF

	CCA-CS
	-82dBm and preamble decoding

	CCA-ED 
	-62dBm

	ACK Modeled (successful reception, resources utilized)
	Yes

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

	Rate control
	Degrades the MCS for retransmission



Table B-3 Additional LAA system evaluation assumptions
	Parameters
	Value

	PCI planning for each NW
	Planned 

	Antenna configuration	
	2Tx2Rx in DL, Cross-polarized. 
Closed loop MIMO transmission with rank adaptation.

	Transmission schemes
	Based on TM10, QPSK/16QAM/64QAM 

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

	Scheduling
	Proportional fair

	Link adaptation
	Realistic

	CCA-ED
	Energy detection threshold -62dBm

	Cyclic Prefix
	Normal
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