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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]. Listen-Before-Talk (LBT) or Clear Channel Assessment (CCA) has been identified as one of the required functionality for LAA systems to meet regulatory requirements in some regions/bands and to ensure a single global solution framework [2]. European and Japanese regulations mandate the usage of LBT in the unlicensed bands. In this contribution, we analyse the European LBT requirement and compare it with the Wi-Fi CCA procedure. We list the potential issues of the EU LBT. We also conduct simulation studies to confirm the findings regarding the EU LBT, and then we make the corresponding enhancement recommendations for the EU LBE LBT for LAA.
2
Analysis of ETSI LBE LBT
The ETSI harmonized standard [3] specifies the LBT procedures for frame-based-equipment (FBE) and load-based-equipment (LBE) in unlicensed bands in the European Union (EU). In this contribution, we focus on the LBT for LBE that defines the following procedures:
“Before a transmission or a burst of transmissions on an Operating Channel, the equipment shall perform a CCA check using "energy detect". The equipment shall observe the Operating Channel(s) for the duration of the CCA observation time which shall be not less than 20 µs. The Operating Channel shall be considered occupied if the energy level in the channel exceeds the threshold corresponding to the power level. If the equipment finds the channel to be clear, it may transmit immediately.”

“If the equipment finds an Operating Channel occupied, it shall not transmit in that channel. The equipment shall perform an Extended CCA check in which the Operating Channel is observed for the duration (observation period) of a random factor N multiplied by the CCA observation time. N defines the number of unoccupied idle slots resulting in a total Idle Period that needs to be observed before initiation of the transmission. The value of N shall be randomly selected in the range 1 to q every time an Extended CCA is required and the value stored in a counter. The value of q is selected by the manufacturer in the range 4 to 32. The counter is decremented every time a CCA slot is considered to be "unoccupied". When the counter reaches zero, the equipment may transmit.”

From the above description, we can see that the ETSI LBE LBT is much simpler than Wi-Fi CCA procedure. We compare the EU LBE CCA with Wi-Fi CCA in following areas.
2.1 Shortest channel access time
The Wi-Fi MAC protocol defines the different interframe spaces (IFS) [4]. The IFS is the time that a Wi-Fi station (STA) has to wait after it detects the medium to be idle before it can occupy the medium, start or restart the backoff counter, etc. The different IFSs are used by 802.11 to prioritize access. The following figure illustrates the different IFSs used for the waiting intervals as required by different priority mechanisms. The shortest interval is the short interframe space (SIFS) that is specified as 16us in 802.11a, 802.11n, and 802.11ac standards. It is used in direct frame sequences like RTS/CTS. The other IFSs are basically SIFS plus a number of SlotTimes that is defined as 9us in the related standards. For example, PIFS = SIFS + 1*SlotTime = 25us and DIFS = SIFS + 2*SlotTime = 34us. By specifying SIFS < PIFS < DIFS, the MAC rules grant priority access to answers in direct sequences. For enhanced distributed channel access (EDCA) mode, a new set of interframe spaces called arbitration interframe space (AIFS) was introduced in 802.11e. For each QoS class n the corresponding time interval is denoted by AIFS[n]. For example, for the best effort access category (AC_BE), the AIFS[AC_BE] = SIFS + 3*SlotTime = 43us. That is the Wi-Fi STA to support AC_BE service need wait at least channel idle time with 43us to occupy the channel. We call it the shortest channel access time as 43us. If the Wi-Fi STA starts the random backoff procedure, then its shortest channel access time will increase to 52us because 43us is just the initial waiting time and it needs one more SlotTime to decrease the backoff counter.
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Figure 1 Wi-Fi interframe space (IFS)
The EU LBE LBT does not use the IFS concept to prioritize the different accesses. It simply defines the observation time that has the minimum requirement with 20us. If the LAA node just complies with EU LBE LBT with the minimum requirement, then it can seize the channel as short as within 20us channel idle time no matter whether it starts extended CCA or not. Hence, the LAA has the much smaller “shortest channel access time” than the Wi-Fi STA with the AC_BE even though LAA also carries the BE service. The smaller shortest channel access time will give the LAA more chances to occupy the channel when it competes with another Wi-Fi for the same channel. This basically sets LAA have the higher priority for the channel access than Wi-Fi. We will show the coexistence impact on Wi-Fi from the smaller shortest channel access time of LAA in the simulation result section.
2.2 Contention window length
In Wi-Fi, when multiple STAs compete for the channel, the Wi-Fi distributed coordination function (DCF) uses the random backoff procedure to minimize the collisions between them. The STAs wishing to transmit need to select a random backoff count and defer for that number of SlotTimes. The range from which the random backoff count is chosen is called the contention window (CW). The CW parameter takes the initial value CWmin and effectively doubles on each unsuccessful MPDU transmit, for example each time an ACK response is not received for a data frame. If the CW reaches CWmax it remains at that value until it is reset. The CW is reset to CWmin after every successful MPDU transmit. The CWmin & CWmax can be set for the different values based on AC according to the EDCA rule in order to differentiate the different AC priorities. For example, the AC_BE has CWmin=15 & CWmax=1023 or equivalent CWmax=9207us.
The EU LBE LBT also uses the random backoff mechanism but its CW is fixed and purely depends on the LBE frame duration. The CW does not exponentially increase when the unsuccessful transmission happens. For example, if we set the LAA frame duration as 5ms then the CW will choose q=13 or equivalent CWmin=CWmax=260us based on the EU rule. We can see the LAA CWmax is much shorter than Wi-Fi CWmax.

When a Wi-Fi network and a LAA network coexist in the same area and the same channel, the Wi-Fi STAs will automatically increase the CW and can possibly reach CWmax when the transmission collision rate is high while the LAA nodes still use the fixed CW. In that case, the difference in the CW length will give an unfair advantage to LAA nodes in channel access. We will show the coexistence impact of the CW length in the simulation result section.
2.3 Energy detection threshold

The EU LBE LBT is based on energy detection (ED). The minimum requirement for the ED threshold is -60dBm if the LAA max Tx power is 23dBm and the channel bandwidth is 20MHz. The ED threshold can be higher if the max Tx power is lower. On the other hand, the Wi-Fi standard sets the minimum requirement for the ED threshold at -62dBm for the primary 20MHz channel and -72dBm for the secondary 20MHz channel. The difference in the ED thresholds can also cause unfairness for the channel access between Wi-Fi and LAA. We will show the unfairness due to the ED thresholds in the simulation result section.
2.4 Carrier sense mechanism
The EU LBT only uses energy detection to do the carrier sense to decide if the channel is occupied or not. The Wi-Fi standard also requires the carrier sense through the signal detection such as using PHY preamble detection. In addition, Wi-Fi also supports virtual carrier sense through the duration field in the Wi-Fi MAC header. The signal detection can reach a much lower CCA threshold than ED. We will present the analysis and simulation results for the coexistence impact from the LAA CCA based on the signal detection in our companion contribution [5].
3
Simulation results
3.1 Simulation configuration

We conducted system level simulations based on the indoor scenario [2] to evaluate the different aspects of the EU LBE LBT for impacts on the coexistence between Wi-Fi and LAA. 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. For the UDP traffic, the average file arrival time is set to 1s. 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. The non-replaced Wi-Fi (Wi-Fi A) network performance including the aggregated throughput and VoIP latency was recorded in both tests. We conducted five independent runs for each test and provided the individual and averaged results. The LAA nodes used the same CCA ED threshold as the Wi-Fi nodes except otherwise specified.
3.2 Default EU LBE LBT simulation results
For the study, we first generated the Wi-Fi A and Wi-Fi B coexistence performance in the indoor scenario. The following table shows the simulation results.
Table 1 Wi-Fi A & Wi-Fi B coexistence performance
	Run Index
	Wi-Fi A Aggregate Throughput (Mbps)
	Wi-Fi A VoIP Average 98%ile Latency (Secs)
	Num of flows with 98%ile latency > 0.05s

	1
	28.82
	0.076
	2

	2
	44.07
	0.019
	0

	3
	40.22
	0.018
	0

	4
	24.77
	0.027
	0

	5
	26.95
	0.081
	2

	Average
	32.966
	0.0442
	0.8


Next, we replaced the Wi-Fi B network with an LAA network that uses the default the EU LBE LBT parameters and repeated the test. We set the LAA frame length as 5ms as we mentioned earlier so the contention window q=13. The table below shows the simulation results. We can see that the Wi-Fi A performance gets much worse after the replacement of WiFi B with LAA. For example, the Wi-Fi A throughput is decreased by about 42% and the 98%ile VoIP latency is increased by about 18 times, which means the default EU LBE LBT for LAA can not meet the fair coexistence requirement as in the LAA SID [1]. In the following simulation steps, we will show how to improve the EU LBE LBT for LAA as we analysed in Section 2.
Table 2 Coexistence performance for Wi-Fi A & LAA with default EU LBE LBT
	Run Index
	Wi-Fi A Aggregate Throughput (Mbps)
	Wi-Fi A Throughput Decrease Compared with Wi-Fi + Wi-Fi (%)
	Wi-Fi A VoIP Average 98%ile Latency (Secs)
	VoIP 98%ile Latency Increase Compared with Wi-Fi + Wi-Fi (%)
	Num of flows with 98%ile latency > 0.05s

	1
	18.81
	35
	0.467
	514
	2

	2
	18.51
	58
	0.744
	3816
	1

	3
	28.95
	28
	0.101
	461
	2

	4
	8.44
	66
	0.907
	3259
	1

	5
	20.67
	23
	0.747
	822
	2

	Average
	19.076
	42
	0.5932
	1774.4
	1.6


Observation 1: The LAA network using LBT based on the minimum requirement of EU LBE regulation will impact Wi-Fi services more than an additional Wi-Fi network on the same carrier. Hence, the default EU LBE LBT will cause LAA to have unfair channel access versus Wi-Fi.
3.3 Shortest channel access time impact

In order to make the LAA have the same shortest channel access time as the Wi-Fi AC_BE access, we made the following enhancement for the EU LBE LBT. If the LAA node is newly initialized it must wait the additional 23us channel idle time besides the observation time 20us before it can send the first frame. If the medium is not idle, the LAA node needs to start the random backoff (extended CCA) procedure. Once the medium is idle, the LAA node needs to wait the additional 32us idle time before it can start to decrease the backoff counter for each observed channel idle period. We repeated the Wi-Fi + LAA test with the initial defer enhancement for LAA LBT. The table below shows the simulation results. We can see that both the aggregate throughput and the VoIP latency of Wi-Fi A are improved by about 14% and 8% with the enhancement, respectively. The Wi-Fi A improvement is caused by the enhancement of the initial defer which produces the same shortest channel access time between LAA and Wi-Fi.
Observation 2: The smaller shortest channel access time of EU LBE LBT compared to Wi-Fi is one of the contributing factors to unfair channel access of LAA in this analysis.
Table 3 Coexistence performance for Wi-Fi A & LAA with EU LBT initial defer enhancement
	Run Index
	Wi-Fi A Aggregate Throughput (Mbps)
	Wi-Fi A Throughput Increase Compared with LAA EU default LBT (%)
	Wi-Fi A VoIP Average 98%ile Latency (Secs)
	VoIP 98%ile Latency Decrease Compared with LAA EU default LBT (%)
	Num of flows with 98%ile latency > 0.05s

	1
	20.54
	9
	0.125
	73
	2

	2
	19.88
	7
	0.972
	-31
	1

	3
	30.6
	6
	0.044
	56
	0

	4
	11.08
	31
	0.711
	22
	1

	5
	23.79
	15
	1.33
	-78
	2

	Average
	21.178
	13.6
	0.6364
	8.4
	1.2


3.4 Contention window length impact

In order to evaluate the contention window length impact, we intentionally doubled the CW length of LAA LBT to q=26 and repeated the test. We also enabled the initial defer enhancement for LAA LBT in the test. The simulation results are shown below. Compared with the previous results for LAA LBT with q=13, doubling the CW to q=26 can make LAA cause less coexistence impact on Wi-Fi. For example, the Wi-Fi A aggregate throughput is increased by about 11% and the VoIP 98%ile latency is reduced by about 54%. These improvements are due to the doubling of CW length of LAA LBT.
Observation 3: The fixed CW length of EU LBE LBT is one of the contributing factors to unfair channel access of LAA in this analysis.
Table 4 Coexistence performance for Wi-Fi A & LAA with EU LBT initial defer enhancement and q=26

	Run Index
	Wi-Fi A Aggregate Throughput (Mbps)
	Wi-Fi A Throughput Increase Compared with LAA q=13 (%)
	Wi-Fi A VoIP Average 98%ile Latency (Secs)
	VoIP 98%ile Latency Decrease Compared with LAA q=13 (%)
	Num of flows with 98%ile latency > 0.05s

	1
	23.24
	13
	0.105
	16
	1

	2
	23.27
	17
	0.654
	33
	1

	3
	33.84
	11
	0.024
	45
	0

	4
	13
	17
	0.077
	89
	1

	5
	23.24
	-2
	0.154
	88
	2

	Average
	23.318
	11.2
	0.2028
	54.2
	1


3.5 Energy detection threshold impact

In order to show the impact from the energy detection threshold of EU LBE LBT, we generated reference simulation results for Wi-Fi and LAA to both use the ED=-67dBm. The Wi-Fi A also used the preamble detection (PD) threshold of -92dBm. Then we changed the LAA ED threshold to the EU LBE LBT default -60dBm and repeated the test. The simulation results of the two tests are shown in the following two tables, respectively.

Table 5 Coexistence performance for Wi-Fi A (ED=-67dBm, PD=-92dBm) & LAA (ED=-67dBm) with EU LBT initial defer enhancement
	Run Index
	Wi-Fi A Aggregate Throughput (Mbps)
	Wi-Fi A VoIP Average 98%ile Latency (Secs)
	Num of flows with 98%ile latency > 0.05s

	1
	27.76
	0.13
	2

	2
	27.79
	0.683
	1

	3
	31.04
	0.034
	0

	4
	17.43
	0.578
	1

	5
	26.17
	0.161
	2

	Average
	26.038
	0.3172
	1.2


Table 6 Coexistence performance for Wi-Fi A (ED=-67dBm, PD=-92dBm) & LAA (ED=-60dBm) with EU LBT initial defer enhancement
	Run Index
	Wi-Fi A Aggregate Throughput (Mbps)
	Wi-Fi A Throughput Decrease Compared with LAA ED = -67dBm (%)
	Wi-Fi A VoIP Average 98%ile Latency (Secs)
	VoIP 98%ile Latency Increase Compared with LAA ED = -67dBm (%)
	Num of flows with 98%ile latency > 0.05s

	1
	24.07
	13
	0.11
	-15
	2

	2
	15.05
	46
	0.779
	14
	1

	3
	30.17
	3
	0.04
	18
	0

	4
	12.67
	27
	0.54
	-7
	1

	5
	26.36
	-1
	0.786
	388
	2

	Average
	21.664
	17.6
	0.451
	79.6
	1.2


From the simulation results comparison, we can clearly see that if LAA uses a higher ED threshold than Wi-Fi the LAA will further impact the Wi-Fi performance. For example, the throughput and VoIP latency performance of Wi-Fi A are degraded by about 18% and 80%, respectively.
Observation 4: The higher ED threshold of EU LBE LBT is one of the contributing factors to unfair channel access of LAA in this analysis.
Based on the analysis and simulation results, we make the following enhancement proposals for the EU LBE LBT for LAA so LAA can fairly coexist with Wi-Fi.

Proposal 1: In this implementation, RAN1 should enhance the EU LBE LBT for LAA with an additional initial defer time so that LAA using the LBT can have the same shortest channel access time as Wi-Fi of AC_BE.
Proposal 2: In this implementation, RAN1 should enhance the EU LBE LBT regarding the fixed contention window for LAA so Wi-Fi can have the same opportunity to access the channel as LAA. One enhancement proposal is in our companion contribution [6].
Proposal 3: In this implementation, RAN1 should enhance the EU LBE LBT regarding the ED threshold for LAA so that LAA and Wi-Fi can have the same ED threshold requirement for the CCA.
4
Conclusions

In this contribution, we have analysed and simulated the coexistence impact from the different aspects of the ETSI LBE LBT for LAA. We have identified the potential shortcomings of that LBT and made the corresponding enhancement proposals for LAA so it can fairly coexist with Wi-Fi with an enhanced LBT. We have the following observations and proposals.
Observation 1: The LAA network using LBT based on the minimum requirement of EU LBE regulation will impact Wi-Fi services more than an additional Wi-Fi network on the same carrier. Hence, the default EU LBE LBT will make LAA have unfair channel access versus Wi-Fi.
Observation 2: The smaller shortest channel access time of EU LBE LBT compared to Wi-Fi is one of the contributing factors to unfair channel access of LAA.
Observation 3: The fixed CW length of EU LBE LBT is one of the contributing factors to unfair channel access of LAA.
Observation 4: The higher ED threshold of EU LBE LBT is one of the contributing factors to unfair channel access of LAA.
Proposal 1: In this implementation, RAN1 should enhance the EU LBE LBT for LAA with an additional initial defer time so that LAA using LBT can have the same shortest channel access time as Wi-Fi of AC_BE.
Proposal 2: In this implementation, RAN1 should enhance the EU LBE LBT regarding the fixed contention window for LAA so that Wi-Fi can have the same opportunity to access the channel as LAA. One enhancement proposal is in our companion contribution [6].

Proposal 3: In this implementation, RAN1 should enhance the EU LBE LBT regarding the ED threshold for LAA so that LAA and Wi-Fi can have the same ED threshold requirement for the CCA.
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6
Appendix: Simulation parameters
The simulation configuration follows the configuration and broad agreements in [2]. The specific parameter selections are as given below.
Table 7 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: image2]


	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 8 Wi-Fi system evaluation assumptions
	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
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50 m
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