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1. Introduction

The design targets and functionalities for an LAA system include the following [1] :

-
Effective and fair coexistence with Wi-Fi.

The LAA design should target fair coexistence with existing Wi-Fi networks to not impact Wi-Fi services more than an additional Wi-Fi network on the same carrier, with respect to throughput and latency.
This paper examines the performance of data and voice over Wi-Fi (VoWi-Fi) when the carrier Wi-Fi network coexists with LAA. The performance is examined relative to the case when the carrier Wi-Fi network coexists with another Wi-Fi network. The Wi-Fi network which carries the VoWi-Fi services in both scenarios is henceforth referred to as the non-replaced Wi-Fi network. The impact of LAA on VoWi-Fi and data is examined for several possible LAA CCA schemes.
This paper presents simulation results for each of the considered CCA schemes. The simulations conform to the Indoor scenario and mixed traffic model specified in [1]. Aggregate throughput and VoIP latency for the non-replaced Wi-Fi network (in the presence of another Wi-Fi network or LAA) are presented.

The simulation results show that the data throughput and latency of VoWi-Fi is adversely affected by LAA if LAA does CCA based only on Energy Detection (CCA-ED) or if LAA uses the current EU back-off mechanism. The paper also analyses the reasons why this may be so.  

Given the simulation results, it is concluded that for fair co-existence with Wi-Fi, it is not sufficient for LAA to only implement Energy Detection based CCA schemes or EU back-off mechanism. Doing this will not satisfy the fair co-existence criteria specified in [1].  

2. Discussion

2.1. Simulation configuration
We consider the following Indoor configuration specified in the LAA-Wi-Fi evaluation assumptions in [1]. The configurations are given below. 
· Two neighbor Wi-Fi networks, Wi-Fi A and Wi-Fi B. The network layout is the Indoor scenario layout in [1].The distance between the APs of the two operators is the average distance possible in the Indoor layout. 
· Two neighbor networks, Wi-Fi A and LAA. The LAA network is created by replacing the APs in Wi-Fi B with LAA eNodeBs. 

· Mixed traffic model specified in [1]. Both LAA and Wi-Fi have a maximum channel hold time of 5ms. 
· In case of Wi-Fi A (the non-replaced WiFi network), 10 UEs have DL-only FTP Model 3 traffic. 2 UEs have CBR VoIP traffic as specified in [1]. 

· For all UEs with DL-only FTP model 3, the mean inter-file arrival time is set to 1 second. This amounts to an average load of 4 Mbps per data flow.
· WiFi uses exponential back-off with the following parameters:

· VoWi-Fi: 

· Minimum and maximum contention window size of 27us and 63us 

· Initial defer of 34us

· BE: 

· Minimum and maximum contention window size of 135us and 9207us. 

· Initial defer of 43us

The following variants of LAA-CCA have been simulated: 
1. LAA CCA based only on ED (CCA-ED) with:
a. 0us initial defer as in EU-CCA and q =13 (denoted as EU_InitialDefer0_q13). q is set to 13 (=260us) for obtaining a maximum channel hold time of 5ms.
b. 43us initial defer to match the initial defer for Wi-Fi BE traffic and q =13 (denoted as EU_InitialDefer43_q13) as we propose in our companion contribution [2].
c. 43us initial defer to match the initial defer for Wi-Fi BE traffic and q =26 (denoted as EU_InitialDefer43_q26) as we propose in our companion contribution [2]. Even though q is increased to 26, the maximum channel hold time is still 5ms.
2. LAA CCA based on ED as in 1b. as well as LAA transmitting and receiving Wi-Fi preambles i.e. CCA-CS (denoted as EU_InitialDefer43_q13_CS)
3. LAA CCA based on ED as in 1c. as well as LAA transmitting and receiving Wi-Fi preambles i.e. CCA-CS (denoted as EU_InitialDefer43_q26_CS)
4. LAA CCA based on ED as in 1b. and LAA only receiving but not transmitting Wi-Fi preambles i.e. CCA-CS-Rx-only (denoted as EU_InitialDefer43_q13_CSRx)
5. LAA CCA based on ED as in 1b. and LAA only transmitting but not receiving Wi-Fi preambles i.e. CCA-CS-Tx-only (denoted as EU_InitialDefer43_q13_CSTx)
2.2. Simulation results
The simulations first consider a Wi-Fi A + Wi-Fi B network and measure the data throughput and 98 percentile VoIP latency in the non-replaced Wi-Fi network. Next for a Wi-Fi + LAA configuration, data throughput and 98 percentile VoIP latency results are provided for each of the probable LAA CCA schemes as described in Section 2.1.
The throughput and the 98 percentile VoIP latencies in the non-replaced Wi-Fi network (Wi-Fi A) are presented for the following scenarios:

Scenario 1. Wi-Fi A coexists with Wi-Fi B

Scenario 2. Wi-Fi A coexists with LAA using CCA scheme EU_InitialDefer0_q13 (Note: LAA uses the EU LBE LBT default parameters)
Scenario 3. Wi-Fi A coexists with LAA using CCA scheme EU_InitialDefer43_q13 (Note: LAA uses the EU LBE LBT with the initial defer enhancement)
Scenario 4. Wi-Fi A coexists with LAA using CCA scheme EU_InitialDefer43_q26 (Note: LAA uses the EU LBE LBT with initial defer enhancement and doubled contention window)
Scenario 5. Wi-Fi A coexists with LAA using CCA scheme EU_InitialDefer43_q13_CS (Note: LAA uses the EU LBE LBT with initial defer enhancement and Wi-Fi preamble enhancement)
Scenario 6. Wi-Fi A coexists with LAA using CCA scheme EU_InitialDefer43_q26_CS (Note: LAA uses the EU LBE LBT with initial defer enhancement, doubled contention window, and Wi-Fi preamble enhancement)
Scenario 7. Wi-Fi A coexists with LAA using CCA scheme EU_InitialDefer43_q13_CSRx (Note: LAA uses the EU LBE LBT with initial defer enhancement and Wi-Fi preamble receiving only enhancement)
Scenario 8. Wi-Fi A coexists with LAA using CCA scheme EU_InitialDefer43_q13_CSTx (Note: LAA uses the EU LBE LBT with initial defer enhancement and Wi-Fi preamble transmitting only enhancement)
Table 1: Throughput and VoIP latency of Wi-Fi A

	
	Scenario
	Wi-Fi A throughput (Mbps)
	Average 98%ile latency of VoIP packets in Wi-Fi A (ms)

	1
	Wi-Fi A coexists with Wi-Fi B
	32.97
	44

	2
	Wi-Fi A coexists with LAA using EU_InitialDefer0_q13
	19.08
	593

	3
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q13
	21.18
	636

	4
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q26
	23.32
	203

	5
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q13_CS
	26.71
	62

	6
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q26_CS
	34.35
	43

	7
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q13_CSRx
	20.68
	240

	8
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q13_CSTx
	20.35
	409
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Figure 1: Wi-Fi A Aggregate Throughput (Mbps)
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Figure 2: Wi-Fi A VoIP Average 98%ile Latency (ms)
Table 2: Degradation in throughput and VoIP latency of Wi-Fi A with different LAA CCA schemes relative to Wi-Fi A + Wi-Fi B

	
	Scenario
	% Degradation in Wi-Fi A throughput relative to Wi-Fi A + Wi-Fi B
	% Increase in average 98%ile latency of VoIP packets in Wi-Fi A relative to Wi-Fi A + Wi-Fi B

	1
	Wi-Fi A coexists with Wi-Fi B
	0
	0

	2
	Wi-Fi A coexists with LAA using EU_InitialDefer0_q13
	42
	1242

	3
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q13
	36
	1340

	4
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q26
	29
	359

	5
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q13_CS
	19
	41

	6
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q26_CS
	-4
	-2

	7
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q13_CSRx
	37
	443

	8
	Wi-Fi A coexists with LAA using EU_InitialDefer43_q13_CSTx
	38
	826


The data presented above is the average of multiple simulations with different random seeds. From the data it is clear that all the different CCA schemes used by LAA adversely impact VoIP and data services on Wi-Fi A except for the case when LAA uses the EU CCA scheme enhanced with Wi-Fi preamble detection/transmission and a q of 26 but limiting the channel hold time to 5 ms (Scenario 6 in the table above). The next optimal LAA CCA scheme with respect to coexistence is EU CCA scheme enhanced with Wi-Fi preamble detection/transmission and a q of 13 (Scenario 5 in the table above).
Observation 1:  The best coexistence performance between LAA and Wi-Fi A occurs when LAA uses CSMA-CS (Wi-Fi preamble detection/transmission) in addition to CSMA-ED.
However, even when LAA uses CSMA-CS (Wi-Fi preamble detection/transmission) with an initial defer same as Wi-Fi (configuration EU_InitialDefer43_q13_CS), it degrades Wi-Fi A throughput and VoIP latency more than another Wi-Fi network. This is due to LAA not using exponential back-off which is used by Wi-Fi. In this configuration, Wi-Fi A utilizes exponential back-off between minimum and maximum contention windows of size 27us and 63us, respectively, for VoIP and 135us and 9207us, respectively, for BE traffic while LAA uses a fixed contention of size 260us (q = 13). 

The sensitivity of the coexistence performance to the contention window size is also proven by the results when the contention window size of LAA is increased to 520us (configuration EU_InitialDefer43_q26_CS). In this case, coexistence of LAA with Wi-Fi becomes the same as that of another Wi-Fi network.
Observation 2:  LAA not utilizing exponential back-off causes it to adversely impact Wi-Fi data and voice services even if it performs CSMA-CS (Wi-Fi preamble detection/transmission) in addition to CSMA-ED.

Observation 3:  If LAA uses a fixed contention window size and not exponential back-off, the value of contention window needs to be higher without increasing the channel hold time to ensure that it does not adversely impact Wi-Fi data and voice services more than another Wi-Fi network.

The simulations also examined the effectiveness of partial CSMA-CS by LAA: 

Scenario 7: LAA decodes Wi-Fi preambles but does not transmit preambles.
Scenario 8: LAA transmits Wi-Fi preambles but does not decode preambles.

The results show that partial CSMA-CS is not effective for fair coexistence with Wi-Fi. Also the CSMA-Tx only scheme (Scenario 8) has worse coexistence than a CSMA-Rx only scheme (Scenario 7), as shown particularly by the data for average 98%ile latency of VoIP packets. This is expected since in this case, LAA preambles cause back-off in Wi-Fi A but Wi-Fi A preambles do not cause back-off in LAA.
Observation 4:  Partial CSMA-CS by LAA is not effective for fair co-existence with Wi-Fi.

Based on the above observations, we propose the following for fair co-existence with Wi-Fi:
Proposal 1: LAA should use CCA schemes that include Wi-Fi preamble detection and transmission.
Proposal 2: LAA should use CCA schemes where the average back-off is consistent with the average Wi-Fi back-off. This can be achieved in LAA either by employing exponential back-off as in our companion contribution [3]. 
3. Conclusions

In this contribution, we have conducted system level simulations to evaluate the impact of different LAA CCA schemes in an LAA network on the performance of VoIP over a co-existing Wi-Fi network. The impact has been presented relative to the impact of a Wi-Fi network on the performance of VoIP in a co-existing Wi-Fi network.
We have the following observations based on the simulation results.

Observation 1:  The best coexistence performance between LAA and Wi-Fi A occurs when LAA uses CSMA-CS (Wi-Fi preamble detection/transmission) in addition to CSMA-ED.

Observation 2:  LAA not utilizing exponential back-off causes it to adversely impact Wi-Fi data and voice services even if it performs CSMA-CS (Wi-Fi preamble detection/transmission) in addition to CSMA-ED.

Observation 3:  If LAA uses a fixed contention window size and not exponential back-off, the value of contention window needs to be higher without increasing the channel hold time to ensure that it does not impact Wi-Fi data and voice services more than another Wi-Fi network.

Observation 4:  Partial CSMA-CS by LAA is not effective for fair co-existence with Wi-Fi.

We propose the following for fair co-existence with Wi-Fi:

Proposal 1: LAA should use CCA schemes that include Wi-Fi preamble detection and transmission.

Proposal 2: LAA should use CCA schemes where the average back-off is consistent with the average Wi-Fi back-off. This can be achieved in LAA either by employing exponential back-off as in our companion contribution [3]. 
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5. Appendix: Simulation parameters
Table 3: Simulation 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.
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	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
	Disabled

	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 4: Wi-Fi Simulation Parameters
	Parameter
	Value

	MCS
	802.11ac MCS table with 256 QAM

	Antenna configuration
	1Tx2Rx in DL.

UL: 1Tx2Rx

Baseline: open loop

	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
	Enabled

	Channel selection
	Single channel case

	OFDM symbol length
	4 micro second


Table 5: Wi-Fi EDCA parameters for each Access Class

	AC
	CWmin
	CWmax
	AIFSN
	Max TXOP

	Best Effort (AC_BE)
	15
	1023
	3
	5ms

	Voice (AC_VO)
	3
	7
	2
	5ms
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