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1. Introduction 
Licensed-Assisted Access using LTE, also referred to as LAA, is considered as a potential solution to provide an efficient use of unlicensed spectrum as a complement to licensed deployments. Due to the nature of license-exempt spectrum, one of the most important design criteria for LAA should be ensuring fair coexistence with other unlicensed spectrum deployments such as Wi-Fi and/or LAA deployed by other operators. The coexistence evaluation methodology [1] has been being developed under following principle [2]. 

· LAA should not impact Wi-Fi services (data, video and voice services) more than an additional Wi-Fi network on the same carrier.

This contribution presents our initial evaluation results for the two coexistence scenarios [1]:

· Coexistence between Wi-Fi and LAA

Mixed VoIP and FTP traffic is considered in this contribution while FTP only traffic is evaluated in our companion contribution [3]. It should be also noted that coexistence evaluation results are highly dependent on the detailed LAA design including LBT mechanism, LAA data burst structure, and so forth. In this contribution, we assume a particular set of LAA design choices described in following sections and will keep updating the results in subsequent meetings, with additional features as well as modified/updated design options.  
2. Simulation Assumptions 
Our simulations follow the evaluation methodology defined in the LAA TR [1], copied in Appendix for ease of reference. In this section, we provide additional assumptions made in our evaluations.  
LAA
LBT is one of the key design options for LAA since it can highly affect coexistence results, especially when coexisting with Wi-Fi. While we are still working on LBT design optimization, the following particular setup is used in our simulations unless stated otherwise. Below are also presented other assumptions.
· CCA followed by eCCA

· CCA

· Executed before every LAA burst transmission

· Sensing duration: 40 μsec

· If idle, immediately transmit an LAA burst

· Otherwise, generate a random counter between [1, 16] and enter eCCA state

· eCCA

· Sensing duration: 20 μsec

· If idle, decrement the counter by 1. Otherwise, hold the counter and sense again 20 μsec later.

· Once the counter reaches zero, start to transmit an LAA burst

· Energy detection threshold (EDT): -82 dBm

· Max LAA burst length: 4 msec

· Forward- and backward partial subframes used if the start of an LAA burst is not aligned with the subframe boundary.       (please refer to [4] for more details.)
· CA of licensed and unlicensed band

· Each eNB uses both one 10 MHz licensed carrier and one 20 MHz unlicensed carrier for data transmission. This is an important factor that makes LAA perform better than Wi-Fi with the same offered load to the network between LAA and Wi-Fi.  

· Cross-carrier scheduling assumed

· No control region on unlicensed carrier, i.e., no control overhead

· 3 OFDM symbols for control region on licensed carrier  
Wi-Fi 

· Rate and rank selection for DL data transmission (no CSI feedback from STA)

· For FTP users: SampleRate algorithm: we have implanted an open loop rate control algorithm for WiFi based on a simplified version of SampleRate [5], adapted for multiple spatial streams using MIMO. We computes the average loss rate at various bit rates, including the spatial streams and picks the rate with the highest throughput. With 0.9 probability, the rate and rank with highest throughput based on the current history is chosen. With 0.1 probability, rate and rank is randomly selected.  
· For VoIP users: Fixed MCS (QPSK, code rate = ½) and rank = 1.

· RTS/CTS: Not applied. (Note: the RTS/CTS performance is studied in our companion contribution [6]) 
· VoIP related assumptions
· EDCA applied. CWmin = 3 and CWmax = 7.
· QoS aware scheduling assumed: AP schedules VoIP packets first.
· According to [1], in addition to 10 FTP users, two additional VoIP users are randomly dropped per cluster (building in case of indoor) cluster unlicensed carrier on only for the Wi-Fi that is not replaced with LAA. 

· Performance metric

· Number of VoIP outage users: VoIP outage user is declared to be in outage if its 98%-tile delay is larger than 50ms [1]. 

· In addition to the number of outage users, we present following statistics to help understand the results:

· Average 98%-tile delay:  98%-tile delay of each user is averaged over all VoIP users. 

· Average VoIP packet delay: VoIP packet delay is averaged over all VoIP users. 
3. Simulation Results: Coexistence of Wi-Fi and LAA
The evaluation methodology is as follows [1]:
· For each UE and eNB/AP drop
· Step 1: Performance metrics for two Wi-Fi networks coexisting in a given evaluation scenario are evaluated and recorded.

· 
Step 2: Wi-Fi is replaced with LAA for the group of eNBs and UEs served by one of the Wi-Fi operators. Performance metrics of the Wi-Fi network coexisting with the LAA network are evaluated and recorded.

A comparison of the performance metrics between the two steps for the Wi-Fi network that was not replaced with LAA can be used to evaluate coexistence between LAA and Wi-Fi in an unlicensed band. 

For convenience’s sake, we define the following two cases:

· Case 1: ‘Wi-Fi & Wi-Fi’ deployment scenario in step 1
· Case 2: ‘Wi-Fi  & LAA’ deployment scenario in Step 2
Evaluation results for Case 1 and Case 2 are presented in Table 1. For each case, we provide results for indoor/outdoor, and low/medium/high buffer occupancy, where ~20%/~40%/~60% buffer occupancy is interpreted as low/medium/high system load, respectively. Thus, there are total 6 combinations for each Case. Figure 1 and 2 compare average UPT of Wi-Fi and LAA for indoor and outdoor, respectively. Figure 3 and 4 compare buffer occupancy (can be regarded as the system load) of Wi-Fi and LAA for indoor and outdoor, respectively. Figure 5 and 6 compare 98%-tile VoIP packet delay of Wi-Fi VoIP users for indoor and outdoor, respectively. Figure 7 and 8 compare average VoIP packet delay over all VoIP users for indoor and outdoor, respectively. Figure 9 shows the average UPT gain for Wi-Fi users of operator #1 when operator #2 Wi-Fi is replaced with LAA. Finally, Figure 10 and 11 compare percentage of VoIP outage users for indoor and outdoor, respectively.
Table 1. Coexistence Evaluation Results with mixed traffic:

Case 1: Wi-Fi (operator #1) & Wi-Fi (operator #2), Case 2: Wi-Fi (operator #1) & LAA (operator #2)
[image: image26.emf]Macro Node

Distance between cluster and 

macro node

R

1

Cluster 1

D

m

a

c

r

o

-

c

l

u

s

t

e

r

R

2

R

1

: radius of small cell dropping within a cluster;

R

2

: radius of UE dropping within a cluster



[image: image2]
Figure 1. Average UPT for FTP users in the mixed traffic scenario: Indoor, # unlicensed channels: 1 
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Figure 2. Average UPT for FTP users in the mixed traffic scenario: Outdoor, # unlicensed channels: 1
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Figure 3. Buffer occupancy in the mixed traffic scenario: Indoor, # unlicensed channels: 1
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Figure 4. Buffer occupancy in the mixed traffic scenario: Outdoor, # unlicensed channels: 1
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Figure 5. Average 98%-tile VoIP delay for VoIP users: Indoor, # unlicensed channels: 1
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Figure 6. Average 98%-tile VoIP delay for VoIP users: Outdoor, # unlicensed channels: 1
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Figure 7. Average VoIP packet delay for all VoIP users: Indoor, # unlicensed channels: 1
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Figure 8. Average VoIP packet delay for all VoIP users: Outdoor, # unlicensed channels: 1
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Figure 9. Average UPT gain for Wi-Fi user when coexisting with LAA: # unlicensed channels: 1
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Figure 10. Percentage of VoIP outage users: Indoor, # unlicensed channels: 1
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Figure 11. Percentage of VoIP outage users: Outdoor, # unlicensed channels: 1
Observations and Discussion

We observe from Table 1 and Figure 1 to 11 that the Wi-Fi UPT performance as well as the VoIP performance are significantly improved in the mixed traffic scenario when the Wi-Fi network coexists with an LAA network (FTP only) rather than another Wi-Fi network (FTP only). 

· The Wi-Fi UPT performance improves from 24% to 203% depending on the scenario as shown in Figure 9. The gain tends to increase as the system load (or buffer occupancy) increases. 

· There are up to 43% VoIP outage users when the Wi-Fi network coexists with another Wi-Fi network (FTP only), while there are no VoIP outage users for all the scenarios considered when the Wi-Fi network coexists with an LAA network (FTP only). 
This is mainly due to the fact that:
· LAA has additional 10 MHz carrier.

· LAA rate/rank selection/control mechanism is based on explicit feedback from UE.

· LAA has better spectral efficiency.

Therefore, LAA users finish downloading much faster than Wi-Fi users. Since a small cell is turned off when there is no data to transmit, the total system interference is reduced when a Wi-Fi network is replaced with an LAA network. Therefore, Wi-Fi users can access more often the channel when they coexist with LAA users than Wi-Fi users, even with lower interference. This interpretation is justified by the buffer occupancy results in Figure 3 and 4. Note that small on/off ratio is highly correlated with buffer occupancy. Furthermore, the Wi-Fi performance improvement when coexisting with LAA becomes larger in the outdoor scenario. This is mainly because small cell (eNB or AP) are randomly deployed in the outdoor scenario, while small cells are more regularly distributed in the indoor scenario. Therefore, the effect of interference from neighboring nodes including hidden nodes is more significant in the outdoor scenario.    

4. Conclusion

In this contribution, we present our initial evaluation results for Wi-Fi-LAA and LAA-LAA coexistence scenarios with mixed traffic model. Based on the simulation results, we have made following observations. 
Observation: The Wi-Fi UPT performance as well as the Wi-Fi VoIP performance are improved in the mixed traffic scenario when the Wi-Fi network coexists with an LAA network with FTP only rather than another Wi-Fi network with FTP only. 
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Appendix A: Simulation Assumptions
General evaluation assumptions

A.1.1
Indoor scenario for LAA coexistence evaluations
	
	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, 4 (to be shared between two operators) 

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

Optional: 24 dBm

	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). 
(3D distance between an eNB and a UE is applied. Working assumption is that 3D distance is also used for LOS probability and break point distance)

	Penetration
	0dB

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

Working assumption is that 3D distance is used for shadowing correlation distance

	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 clusters/buildings per macro cell geographical area
	N/A

	Number of small cells per cluster
	N/A

	Number of small cells per Macro cell
	N/A

	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.

	Radius for small cell dropping in a cluster
	N/A

	Radius for UE dropping in a cluster
	N/A

	Minimum distance (2D distance)
	3m

	Traffic model
	FTP Model 3: Based on FTP model 2 as in TR 36.814 with the exception that packets for the same UE arrive according to a Poisson process and the transmission time of a packet is counted from the time instance it arrives in the queue.

FTP Model 1 as in TR 36.814

FTP model file size: 0.5 Mbytes.

Optional: 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
	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
	UE bandwidth for LAA: 10 MHz licensed + 20 MHz unlicensed 

· CA scheduling assumptions stated when reporting results

· 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


A.1.2
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.
Both 19 Macro sites and 7 Macro sites can be used. Companies should indicate whether 19 or 7 sites are used when presenting the results.
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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 LAA coexistence evaluations: 1, 4 (to be shared between operators) 

	Total BS TX power 
	46dBm (Ptotal per carrier)
	30 dBm (Ptotal per carrier)
	18 dBm across aggregated carriers

Optional: 24 dBm

	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]
Indoor UE-to-indoor UE: 3GPP TR 36.843 (D2D) 

(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.)

	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

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

	UE dropping for each 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.

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 3: Based on FTP model 2 as in TR 36.814 with the exception that packets for the same UE arrive according to a Poisson process and the transmission time of a packet is counted from the time instance it arrives in the queue

FTP Model 1 as in TR 36.814

FTP model file size: 0.5Mbytes.

Optional: 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

	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
	UE bandwidth for LAA: 10 MHz licensed + 20 MHz unlicensed, 

· CA scheduling assumptions stated when reporting results

· 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.

	Backhaul assumptions
	Non-ideal backhaul between macro eNB and small cell

	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


A.2

Additional evaluation assumptions

A.2.1
Additional Wi-Fi system evaluation assumptions
	Parameter
	Value

	MCS
	802.11ac MCS table without 256 QAM 

Optional: include 256QAM (should be the same as for LAA)

	Antenna configuration


	2Tx2Rx in DL, Cross-polarized 

Optional: 1Tx2Rx in DL.

UL: 1Tx2Rx

(should be the same as for LAA)

Baseline: open loop 

Company should state assumptions if assumed otherwise

	Channel coding
	BCC

Optional: LDPC code

	Frame aggregation
	A-MPDU

	MPDU size
	Up to each company

	Max PPDU duration
	Baseline:< 4 ms 

(Asynchronous to LTE timing)

Company should state assumptions if assumed otherwise

	MAC
	Coordination
	DCF

If VoIP users are included, EDCA can be used

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	Energy detection & preamble detection

	
	RTS/CTS
	Optional

	
	Contention window
	Per DCF

If VoIP users are included, per EDCA can be used

	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
	Up to each company; should state assumption when reporting results

	Channel selection
	Up to each company; should state assumption when reporting results

	OFDM symbol length
	4 micro second


A.2.2
Additional LAA system evaluation assumptions
	Parameters
	Value

	PCI planning for each NW
	Planned 

	Antenna configuration

	2Tx2Rx in DL, Cross-polarized. 

Optional: 1Tx2Rx in DL.

1Tx2Rx in UL

(should be the same as for Wi-Fi)

	Transmission schemes
	Based on TM4 or TM10, QPSK/16QAM/64QAM 

Optional: include 256QAM (should be the same as for Wi-Fi)

	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
	Up to each company; should state assumption when reporting results

	Channel selection
	Up to each company; should state assumption when reporting results

	Cyclic Prefix
	Normal
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