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1 Introduction
A new study item addressing Licensed-Assisted Access (LAA) using LTE was agreed at RAN#65 [1]. A very important aspect of the study item is the performance evaluation of LAA operation by means of system level simulations. Here it is furthermore required to compare the performance of LAA and Wi-Fi in coexistence scenarios.
In this contribution, we present some first performance evaluation of Wi-Fi and LTE operation in unlicensed bands at 5 GHz based on a semi-analytical approach. Our thinking is that the approach presented in this contribution can already at an early stage of the study item be used for some basic performance assessment of LTE and Wi-Fi operation on unlicensed bands in order to facilitate the investigation of the mutual impact of different system parameters. 
It is however clear the approach used here is not sufficient for overall comprehensive performance studies focussing on the coexistence between Wi-Fi and LTE in terms of detailed analysis of resource sharing, throughput, delay, jitter, etc. Further model modification and extensions would be required. The intention of this contribution is therefore not to propose the methodology used here as the general RAN1 approach for all performance evaluations within the LAA study item.
2 Simulation Model

The basic structure of the conducted performance evaluation study is shown in Figure 1. The overall simulation environment consists here of two simulators; the geometry simulator that performs receive power, interference and SINR level evaluations based on a 5GHz channel model and UE and low power node (LPN) dropping, and the channel access simulator that provides resource utilization and collision probability results based on comprehensive channel access procedure implementations and a given number of node competing for channel access. The channel access procedure take into account the requirements defined by the regulatory framework [2].
A summary of the simulation parameters is given in Appendix C.
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Figure 1: Evaluation chain for assessment of expected UE throughput performance on unlicensed bands
The overall evaluation approach consists of the following steps:

1. The mutual receive power levels of all nodes (LPNs and UEs) in the deployment scenario are determined based on 5GHz channel model and node dropping.
2. The set of LPNs whose receive power is above the configured CCA threshold from another LPN point of view is determined for all LPNs. Based on this, the average CCA group size of the scenario is determined. The CCA group of a certain LPN describes here the set of LPNs whose receive power is above the CCA threshold from that specific LPN point of view. The CCA group size of a certain LPN describes therefore the number of other LPNs with which the LPN will compete for channel access based on the listen before talk (LBT) procedure required by regulation.
3. The channel access simulator is used for determining collision probabilities and resource utilization with a group of N LPNs, where N is the average CCA group size plus one additional node.
4. The average collision probability within a group of N LPNs is combined with the mutual receive power levels from the geometry simulator in order to determine an effective average SINR level for each UE in the overall deployment scenario by means of interference weighting. The interference weighting and the derivation of the effective average SINR level per UE is given in Appendix A.
5. The effective average SINR level of each UE is mapped to a spectral efficiency and combined with the average resource utilization per served UE by a single LPN in order to achieve the average throughput calculation for each UE in the scenario. The throughput calculation is further explained in Appendix A.
3 Simulation Results
Figure 2 shows the average CCA group size in the evaluated deployment scenario depending on the configured CCA threshold level. The overall number of LPNs in the scenario is 3 x 4 x 7 = 84. The maximum achievable CCA group size is therefore 84 – 1, meaning that one LPN will react to all other LPNs when performing LBT based channel access. It can be seen that a typical CCA threshold of -60 dBm or -70 dBm will yield a CCA group size of 5 and 10 LPNs, respectively.
Figure 3 shows the resource utilization of a single LPN (defined here as LPN activity factor) within a group of N LPNs that are competing for channel access based on LBT as specified for IEEE 802.11 [3]. The results clearly show how the LPN activity factor is continuously reduced when the number of competing LPNs is increased. 
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Figure 2: Average CCA group size depending 
on configured CCA threshold
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Figure 3: Average LPN activity factor depending 
on CCA group size


Figure 4 shows the distribution of the effective average SINR of all UEs in the deployment scenario taking into account the impact of LBT within CCA groups in terms of resource sharing and collision probabilities, as described in detail in Appendix A. The results show very clearly how the CCA procedure results in an increased overall SINR since strong interference is avoided by transmitter close to each other. How many transmitter are taken into account in this coordination is determined by the CCA threshold; when the threshold is reduced, more transmitters become part of a coordinated group (as shown in Figure 2), and that reduces the interference within this group (except for residual collisions within a coordinated group which cannot be completely avoided).
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Figure 4: SINR distribution at 5GHz depending on CCA threshold
Observation 1: The application of LBT based on a CCA threshold can increase the SINR significantly.
Figure 5 shows the median (50th percentile) of the UE throughput (in terms of effective average number of bits per modulation symbol) in the scenario for both Wi-Fi and LTE based on the respective MCS tables. The results reveal that the median of the UE throughput is reduced with both systems quite significantly when the CCA threshold is reduced. The reason is that a reduced CCA threshold will increase the number of LPNs competing for channel access by LBT. Assuming a set of N LPNs that share the channel in a TDMA like fashion due to LBT, each node will approximately get a fraction of 1/N of the radio channel resources if collisions and idle times are neglected. This reduction of resources per LPN cannot be compensated by the increased SINR per served UE.  
Figure 6 shows the impact of the configured CCA threshold on the cell-edge UE throughput (5th percentile). This result shows that cell-edge UEs will benefit from the CCA if the threshold is configured properly in case of Wi-Fi; the maximum cell-edge UE throughput is achieved here with a CCA threshold level of -60 dBm which corresponds to typical Wi-Fi CCA configurations. LTE does however not benefit from the use of CCA.
The overall throughput CDFs corresponding to the distributions parameters shown in Figure 5 and Figure 6 are given in Appendix B. It has to be kept in mind that for all throughput evaluations presented in this contribution within the context of the initial performance evaluation, the mapping of bit per modulation symbol (allocation unit) to bits/s/Hz slightly differs between LTE and Wi-Fi due to different OFDM parameters used in these systems.  
Observation 1: LTE does not directly benefit from LBT under the assumption of RSPR based UE association.
Observation 2:
LBT based on proper configuration of the CCA threshold configurations increase the Wi-Fi cell-edge UE throughput.
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Figure 5: Median of the UE throughput for LTE and Wi-Fi on an unlicensed channel at 5 GHz
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Figure 6: Cell-edge UE throughput for LTE and Wi-Fi on an unlicensed channel at 5 GHz
4 Conclusion
We presented in this contribution a basic semi-analytical performance evaluation methodology for the evaluation of LAA and Wi-Fi on unlicensed bands. The performance of LAA and Wi-Fi has been compared based on the general channel access rules defined by the European regulation for load based systems.
This first the performance evaluation suggests following conclusions:
Observation 1: 
LTE does not directly benefit from LBT under the assumption of RSPR based UE association.
Observation 2:
LBT based on proper configuration of the CCA threshold configurations increase the Wi-Fi cell-edge UE throughput.
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Appendix A

In this simulation, we consider CCA threshold and collision probability. Effective average downlink SINR and throughput of the UEs associated to LPNk is calculated by the following procedure: 

1. Calculate the received power between LPNk and other LPNs.

2. Check whether the received power is above CCA threshold or not. The set of LPNs whose received power level is above the CCA threshold is called CCA group of LPNk.
3. The average experienced interference power at UEs associated to LPNk consists of interference from LPNs within the CCA group (Iinternal) and of interference from LPNs outside the CCA group (Iexternal).
4. The interference coming from all LPNs outside the CCA group is summed up and weighted with a factor β. The reason for using such a weighting is that the LPNs transmit all the time due to the mandated LBT behaviour. The assumption is here that the LPNs outside the CCA group of the serving LPN are organized in CCA groups of the same average size (GCCA) as well. Since the resources within a CCA group will typically be shared in a fair manner with a group LPNs and that collisions can be neglected in the first approximation, each LPN within a group of GCCA + 1 nodes will exclusively transmit on a fraction of 1/( GCCA + 1) of the radio channel resources.
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	(Eq. 1)


5. The interference coming from all LPNs within the CCA group of LPNk is summed up as well and weighted with another factor CP. The factor is here the LPN collision probability within a group of LPNs (group size is GCCA + 1). The collision probability has been obtained by means of comprehensive channel access procedure simulations. The results have shown that the mutual LPN collision probability is the same for all LPNs within a group if the same transmission burst length is used.
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	(Eq. 2)


6. Calculation of the SINR level of UE n:
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	  (Eq. 3)


7. Calculation of the throughput of UE n (TPn): The SINR is mapped to a spectral efficiency by a mapping function F and weighted with an activity factor which describes which fraction of radio channel resources has been used by the serving LPN for transmitting data to UE n. The basic assumption is here fair resource sharing between the UEs that are served by the same LPN (e.g. by means of round robin scheduling within the LPN). The mapping function F is derived from the individual MCS table of the investigated system (either LTE or Wi-Fi).
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Appendix B
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Figure 7: CDFs of Wi-Fi UE throughput depending on CCA threshold
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Figure 8: CDFs of LTE UE throughput depending on CCA threshold
Appendix C
	Parameter
	Value

	Deployment 
Layout
	SCE Scenario 2a [3]
Outdoor small cell cluster, 1 cluster per macro cell area
4 LPNs per cluster (macro eNBs are not deployed)
7 macro cell sites – 21 macro cells (ISD 500m)

	
	

	Channel model
	LPN - UE :  ITU model (assumption of Small cell evaluation)

LPN-LPN: modified UMi model based on [5]

	Carrier frequency
	5.0 GHz 

	Tx power
	LPN: 23dBm

	Cell selection
	RSRP based selection

	DL burst length
	5 ms

	LBT procedure
	Wi-Fi LBT procedure (DIFS plus random backoff) [3]


Increase CCA group size
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