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1 Introduction

RAN1#82 concluded with the following agreements on the Contention Window (CW) adaptation schemes for LAA LBT:

Agreements:

For contention window size adjustment for LBT category 4 operation for PDSCH, the following options should be studied further

· For LBT Category 4 operation for PDSCH, the CWS (contention window size) is adjusted based on  HARQ ACK/NACK feedback

· FFS on the details of how to use the HARQ ACK/NACK feedback. More details on the procedure should be provided as much as possible within RAN1#82
· For LBT Category 4 operation for PDSCH, the CW size is adjusted based on the eNB medium sensing based metrics

· The following options have been identified to derive the metric

· Option 1: Number of busy periods between transmissions 

· A busy period is the total time the channel is occupied between two idle CCA slots 
· Option 2: Number of idle slots (or) ratio of the number of idle to busy slots within a defined observation window
· FFS on the details for the two options above. More details on the procedures should be provided as much as possible within RAN1#82
In line with the above and the subsequent email discussions [82-08] and [82-09], this contribution analyses the performance of the following different Contention Window (CW) adaptation schemes for LAA LBT:
1. CW adaptation based on HARQ-ACK feedback

2. CW adaptation based on eNB sensing with options, metrics and algorithms as proposed in the email discussion [82-09]
The contribution considers a LAA + Wi-Fi scenario and evaluates the schemes in a twofold manner:

1. The performance of co-channel non-replaced Wi-Fi. This is based on simulations that follow the 3GPP Indoor configuration and parameters [1]. 
2. The performance of LAA. This is based on simulations based on a simplified model.
This contribution also compares the performance of both LAA and Wi-Fi in the 3GPP Indoor configuration for maximum CW sizes of 63 and 1023 respectively for the above CW adaptation schemes.

The contribution finally makes proposals based on the observations from the above experiments.

2 Discussion
The LAA CW adaptation schemes that have been examined are specified more precisely as below:

1. CW adaptation based on HARQ-ACK: 

a. CW is doubled to the limit of the maximum CW if all of the HARQ feedback values corresponding to the latest received single subframe are NACK. Otherwise, the CW is reset to the minimum CW. 
i. The CW increase follows the formula: new-CW = min {2xcurrent-CW + 1, CWMax}.
2. CW adaptation based on eNodeB sensing:

a. Observation window: Start of EDCA to end of EDCA

b. Option 1: Count the number of busy “periods” in the observation window. (One busy period spans the time between any 2 idle slots.)
c. Option 2: Count the number of busy slots in the observation window.

d. Let C denote the count for both the above options.

e. Determine a target contention window: target-CW = CWMin + slope*C. Slope = 3.2 as per the discussion in [82-09].
f. If current-CW > target-CW, then new-CW = CWMin. Otherwise,  new-CW = minimum {current-CW*2 + 1, CWMax}
Simulation data have been provided for the following three different scenarios:

Scenario 1. Comparison of the CW adaptation schemes triggered by ACK/NACK and eNB sensing options 1 and 2 based on the 3GPP Indoor model. This comparison uses a maximum CW of 63 as has been noted in the email discussions [82-08] and [82-09]. The comparison considers the performance of the non-replaced Wi-Fi network. 
Scenario 2. The second set of simulations compare the performance of the CW adaptation schemes triggered by ACK/NACK and eNB sensing options 1 and 2 between maximum contention window sizes of 63 and 1023. The 3GPP Indoor model is used. The comparison considers the performance of LAA as well as the non-replaced Wi-Fi network.
In order to provide robust trends, both of the above simulation sets provide data over 3 different LAA ED thresholds -77/-72/-62 dBm and 5 different network loads corresponding to per-node DL file arrival rates on the non-replaced Wi-Fi of 0.275, 0.307, 0.325, 0.363 and 0.384 per second.

Scenario 3. The third set of simulations provide a comparison of LAA channel access probabilities between CW adaptation schemes triggered by ACK/NACK and eNB sensing options 1 and 2. The simulations consider a simplified model consisting of 1 LAA node and 1/2/3/4 Wi-Fi nodes respectively.  The motivation to use this simplified scenario in addition to the 3GPP Indoor model is to study the extensibility and the stability of the CW adaptation schemes to different network configurations. The comparison considers the channel access share of LAA as well as the Wi-Fi nodes.

3 Simulation Configurations and Scenarios:

3.1 Scenario 1 and 2: 3GPP Indoor configuration

Salient simulation configurations are as follows: 

· 3GPP Indoor configuration in [1]. 

· A single 20MHz unlicensed carrier.  

· The non-replaced Wi-Fi network contains 20 DL + UL FTP users which have traffic in DL:UL ratio  of 80:20.
· The non-replaced Wi-Fi network additionally contains 2 DL + UL Voice users. Voice On/Off period length = 2s where DL and UL never overlap
· LAA and the replaced Wi-Fi network contain 20 DL-only FTP users each with a traffic rate 1.25 times that of the DL traffic rate of the non-replaced Wi-Fi network

· Wi-Fi: 2x2 MIMO, short guard interval, beam-forming and closed loop link adaptation.

· Each scenario is simulated over 30 seconds and 15 random seeds.

In order to accurately capture performance trends the simulations have been run over a wide set of LAA ED thresholds -77dBm, -72dBm, -62dBm and per-node DL file arrival rates on the non-replaced Wi-Fi λ= 0.275, 0.307, 0.325, 0.363 and 0.384 respectively. 

3.2 Scenario 3: Simplified Simulation Model

The LAA CW adaptation schemes (one scheme based on HARQ ACK/NACK and two options based on eNB-sensing) are evaluated using a simplified simulation configuration.

Following are the salient features of this simplified configuration:

1. A small number of nodes where 1 node is LAA and the rest are Wi-Fi. The total number of nodes varies from 2 to 5. 

2. Each node can sense the transmissions from all other nodes

3. TxOP modelled as a continuous transmission of 4ms

4. LAA adapts its contention window based on each of the schemes defined in section 2:

a. Based on HARQ ACK/NACK

b. Based on eNB-sensing

i. Option 1 based on sensing busy periods
ii. Option 2 based on sensing busy slots

5. Full-buffer traffic: this has been considered to allow the simulation to only study the channel access behaviour of the different schemes irrespective of the spectral efficiency or buffer occupancy differences amongst the LAA and Wi-Fi nodes.

In this scenario, we evaluate the percentage of time the LAA node and a Wi-Fi node on an average access the channel.
4 Simulation Results and Analysis
4.1 Scenario 1: 3GPP Indoor configuration and CWMax 63
4.1.1 Non-replaced Wi-Fi performance 

The following metrics from the simulation results have been illustrated for the non-replaced Wi-Fi:
· FTP: UPT 5 percentile and mean for both DL and UL
· VoIP. 

· DL and UL 98% latency
· Combined outage
The comparative analysis below is provided for:

· Maximum contention window of 63

· 3 different LAA ED thresholds
· -77dBm
· -72dBm

· -62dBm
· 5 different network traffic loads. The mapping between network loads and the per-node DL file arrival rate (λ) on the non-replaced Wi-Fi is as follows :

· L1 : 0.275 files/second
· L2 : 0.307 files/second

· L3 : 0.325 files/second

· L4 : 0.363 files/second

· L5 : 0.384 files/second

4.1.1.1 DL FTP Metrics

The figures below illustrate data over LAA ED = -77/-72/-62 dBm and 5 network loads L1 to L5:

Figure 1. DL 5% UPT (in Mbps)
Figure 2. DL Mean UPT (in Mbps)
Figure 3. For each LAA ED threshold and averaged over all 5 network loads L1 to L5, the percentage by which the above metrics for CW adaptation based on ACK/NACK are better than CW adaptation based on eNB sensing options 1 / 2.  Negative values would indicate that the corresponding metric entry is worse for CW adaptation based on ACK/NACK compared to eNB sensing option 1 / 2. 

The following trends are observed for the non-replaced Wi-Fi: 
1. DL 5% UPT: ACK/NACK based CW adaptation is better than both eNB sensing option 1 and option 2. 

· This can be explained as follows: A significant proportion of the worst performing nodes (i.e. the ones whose UPT is at 5% of the UPT cdf) are the ones that experience high collision due to the presence of hidden nodes. Unlike the eNB sensing schemes, the ACK/NACK based CW adaptation scheme adapts to collisions by doubling the CW and hence improves the performance of the worst performing nodes.

· The maximum CW size of 63 limits the increase in backoff time due to such collisions and hence, limits the performance advantage of the ACK/NACK based scheme over the eNB sensing schemes for the 5% UPT. When the CW size is increased to 1023, the performance advantage becomes much higher. This is borne out by the DL and UL 5% UPT for both Wi-Fi and LAA in figures 11, 12 and 13.
2. DL mean UPT: All the three CW adaptation schemes have similar performance
Figure 1: DL 5% UPT of non-replaced Wi-Fi across ED = -77/-72/-62 dBm and loads L1-L5
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Figure 2: DL mean UPT of non-replaced Wi-Fi across ED = -77/-72/-62 dBm and loads L1-L5
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Figure 3: % difference in DL 5% and mean UPT between CW adaptation based on ACK/NACK and eNB sensing options 1 and 2
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4.1.1.2 UL FTP Metrics

The figures below illustrate data over LAA ED = -77/-72/-62 dBm and 5 network loads L1 to L5:

Figure 4. UL 5% UPT (in Mbps)
Figure 5. UL Mean UPT (in Mbps)
Figure 6. For each LAA ED threshold and averaged over all 5 network loads L1 to L5, the percentage by which the above metrics for CW adaptation based on ACK/NACK are better than CW adaptation based on eNB sensing options 1 / 2.  Negative values would indicate that the corresponding metric entry is worse for CW adaptation based on ACK/NACK compared to eNB sensing option 1 / 2. 

The following trends are observed for the non-replaced Wi-Fi: 

1. UL 5% UPT: ACK/NACK based CW adaptation is better than both eNB sensing option 1 and option 2. This can be explained in the same way as DL 5% UPT.
2. UL mean UPT: All the three CW adaptation schemes have similar performance
Figure 4: UL 5% UPT of non-replaced Wi-Fi across ED = -77/-72/-62 dBm  and loads L1-L5
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Figure 5: UL mean UPT of non-replaced Wi-Fi across ED = -77/-72/-62 dBm and loads L1-L5
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Figure 6: % difference in UL 5% and mean UPT between CW adaptation based on ACK/NACK and eNB sensing options 1 and 2
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4.1.1.3 VoIP Metrics

The figures below illustrate data over LAA ED = -77/-72/-62 dBm and 5 network loads L1 to L5:

Figure 7. Overall VoIP outage 

Figure 8. VoIP DL 98% latency (in ms)
Figure 9. VoIP UL 98% latency (in ms)
Figure 10. For each LAA ED threshold and averaged over all 5 network loads L1 to L5, the percentage by which the above metrics for CW adaptation based on ACK/NACK are better than CW adaptation based on eNB sensing options 1 / 2.  Negative values would indicate that the corresponding metric entry is worse for CW adaptation based on ACK/NACK compared to eNB sensing option 1 / 2.
The following trends are observed for the non-replaced Wi-Fi: 

1. VoIP outage and VoIP DL and UL 98% latency: 
· ACK/NACK based CW adaptation has lower VoIP outage and lower VoIP DL and UL 98% latency than both eNB sensing option 1 and option 2. The performance difference is smaller for LAA ED = -77dBm but is significantly larger for LAA ED = -72dBm and -62dBm. 

· This is expected as VoIP traffic has small packet sizes (60 bytes) and sparse transmission (once every 20ms). So, VoIP traffic won’t occupy too many slots in the observation window for eNB sensing based CW adaptation schemes. Hence, such schemes won’t adapt well to the presence of VoIP. However, ACK/NACK based CW adaptation schemes would increase their CW whenever there are collisions with VoIP packets. So, ACK/NACK based schemes would adapt better to the presence of VoIP by using a larger CWMax for BE than the eNB sensing based schemes.
Figure 7: Overall VoIP outage % of non-replaced Wi-Fi across ED = -77/-72/-62 dBm and loads L1-L5
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Figure 8: VoIP DL latency of non-replaced Wi-Fi across ED = -77/-72/-62 and loads L1-L5
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Figure 9: VoIP UL latency of non-replaced Wi-Fi across ED = -77/-72/-62 and loads L1-L5
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Figure 10: % difference in VoIP outage and DL and UL latency between CW adaptation based on ACK/NACK and eNB sensing options 1 and 2
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Observation 1: For 3GPP Indoor configuration with CWMax 63, ACK/NACK based CW adaptation has higher 5% DL and UL UPT for non-replaced Wi-Fi than eNB sensing option 1 or option 2.

Observation 2: For 3GPP Indoor configuration with CWMax 63, ACK/NACK based CW adaptation has lower VoIP outage and lower VoIP DL and UL 98% latency for non-replaced Wi-Fi than eNB sensing option 1 or option 2. The performance difference is smaller for LAA ED = -77dBm but is significantly larger for LAA ED = -72dBm and -62dBm

Observation 3: For 3GPP Indoor configuration with CWMax 63, CW adaptation based on ACK/NACK and eNB sensing option 1 and option 2 have similar performance for DL and UL mean UPT for non-replaced Wi-Fi.

4.2 Scenario 2: 3GPP Indoor configuration and CWMax 63 and 1023

4.2.1 Comparison of LAA and Wi-Fi performance between CWMax 63 and CWMax 1023

In RAN1#82 and the subsequent email discussions [82-08] and [82-09] many companies have suggested using a maximum contention window of size 63 for LAA. The reasoning was that this would achieve parity with Wi-Fi since most Wi-Fi APs may use a maximum contention window of size 63. 
However, we think that for a busy deployment scenario such as the 3GPP indoor model, a maximum contention window size of 1023 is more appropriate. Hence, we evaluate the relative performance of maximum contention window sizes of 1023 and 63 

We consider below the following metrics for all the three contention window adaptation schemes under discussion. 
· LAA: 

· FTP: DL UPT 5 % and mean

· Non-replaced Wi-Fi

· FTP: UPT 5 % and mean for both DL and UL

· VoIP. 

· DL and UL 98% latency

· Combined outage

The figures below illustrate the % improvement of CWMax 1023 over CWMax 63 for the average value of each of the above metrics where the average is taken over the LAA ED thresholds of -77, -72 and -62dBm. 

There are three figures, one each for contention window adaptation based on ACK/NACK and eNB sensing option 1 and option 2 respectively.

Each figure shows the % improvement of CWMax 1023 over CWMax 63 for high (λ = 0.384) and low (λ=0.25) network loads. 

We observe here that the performance of both LAA and Wi-Fi is poorer across all the salient metrics if a maximum contention window of size of 63 if used and that a maximum contention window of size 1023 leads to much better performance. Additionally, the difference in performance is much more significant for high load than for low load.
Figure 11: ACK/NACK based CW Update: % by which CWMax1023 is better than CWMax63
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Figure 12: eNB Sensing Option 1 based CW Update: % by which CWMax1023 is better than CWMax63
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Figure 13: eNB Sensing Option 2 based CW Update: % by which CWMax1023 is better than CWMax63
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Observation 4: For 3GPP Indoor configuration, CWMax 1023 leads to better DL UPT for LAA and better DL and UL UPT and VoIP performance for non-replaced Wi-Fi compared to CWMax 63. This is true for CW adaptation based on ACK/NACK and eNB sensing option 1 and option 2. The performance difference is very significant in case of high network load.

4.3 Scenario 3: Simplified Simulation Model
This section provides simulation results for LAA and Wi-Fi based on the scenario described in section 3.2. Note that there are no hidden nodes in this simplified scenario. Each node is visible to other nodes, which is different from the 3GPP indoor scenario.
Figure 14 below shows the percentage of time Wi-Fi and LAA each get to access the channel for a 2-node system consisting of 1 Wi-Fi and 1 LAA node.

In this 2-node system, it is clearly seen that the Wi-Fi and LAA channel access share is balanced in case of CW adaptation based on ACK/NACK. However, the channel access share is unbalanced in case of CW adapatation based on eNB-sensing of busy periods or slots.

This is because the eNB sensing scheme measures how much the channel is in-use. If the channel is being used a lot by other nodes, the eNB-sensing scheme causes the LAA node to keep on doubling its CW and contend even less often. Since the LAA node is not contributing to the channel occupancy at this time, other nodes continue to use it in the way they would be in the absence of the LAA node.

Though LAA has worse channel access share for both the eNB sensing options, the eNB-sensing option 1 which is based on busy periods shows better performance than option 2 which is based on busy slots. This can also be  intuitively explained from the fact that a busy period can be composed of multiple busy slots and would result in lesser value of the busy metric in the same observation window. This also shows the option 2 which is based on busy slots will be sensitive to the average single transmission burst length.
On the contrary, the ACK/NACK based scheme shows balanced channel access share as both Wi-Fi and LAA double the contention window only after experiencing mutual collisions and reset the contention window in the absence of collisions. So a similar contention window adaptation scheme for LAA and Wi-Fi  leads to similar channel access share.

Figure 14: % channel occupancy of the Wi-Fi node and LAA node in a 2-node system
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Figure 15 below shows how the channel access shares of an average Wi-Fi node and the LAA node vary for the 2 eNB-sensing options when the number of nodes in the system is varied from 2 to 5 where only one node is LAA.
Here, we see that even with the increase in number of nodes , the observation regarding poorer channel access share of LAA is consistent for both the eNB sensing options. Additionally, option 1 continues to be better than option 2.
Figure 15: % channel occupancy of an average Wi-Fi node and the LAA node
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This simple scenario also indicates that the performance of the eNB-sensing based CW adaptation schemes are very sensitive to the network configuration : 

· In the 3GPP indoor model, they lead to poorer performance of the non-replaced Wi-Fi than the ACK/NACK based scheme (sections 4.1 and 4.2)

· In the simplified model, it leads to poorer channel access for LAA.
· The eNB sensing scheme also uses a fixed parameter for the slope. For optimal performance, the value of this parameter needs to be fine tuned for different configurations. The algorithm to do so has not yet been specified in RAN1#82 or the subsequent email discussions in [82-09].
On the contrary, the ACK/NACK based scheme appears to be stable across network configurations and its performance is not sensitive on any such tunable parameter.

Observation 5: In a simplified model consisting of only 1 LAA node and 1 to 4 Wi-Fi nodes, the channel access share by LAA is equal to that of any Wi-Fi node on an average for CW adaptation based on ACK/NACK.
Observation 6: In a simplified model consisting of only 1 LAA node and 1 to 4 Wi-Fi nodes, the channel access share by LAA is much lower than that of any Wi-Fi node on an average for CW adaptation based on eNB sensing options 1 and 2. Further, the channel access share by LAA is worse in case of eNB sensing option 2 than in case of option 1.

5 Conclusions
Observation 1: For 3GPP Indoor configuration with CWMax 63, ACK/NACK based CW adaptation has higher 5% DL and UL UPT for non-replaced Wi-Fi than eNB sensing option 1 or option 2.

Observation 2: For 3GPP Indoor configuration with CWMax 63, ACK/NACK based CW adaptation has lower VoIP outage and lower VoIP DL and UL 98% latency for non-replaced Wi-Fi than eNB sensing option 1 or option 2. The performance difference is smaller for LAA ED = -77dBm but is significantly larger for LAA ED = -72dBm and -62dBm

Observation 3: For 3GPP Indoor configuration with CWMax 63, CW adaptation based on ACK/NACK and eNB sensing option 1 and option 2 have similar performance for DL and UL mean UPT for non-replaced Wi-Fi. Observation 4: For 3GPP Indoor configuration, CWMax 1023 leads to better DL UPT for LAA and better DL and UL UPT and VoIP performance for non-replaced Wi-Fi compared to CWMax 63. This is true for CW adaptation based on ACK/NACK and eNB sensing option 1 and option 2. The performance difference is very significant in case of high network load.

Observation 5: In a simplified model consisting of only 1 LAA node and 1 to 4 Wi-Fi nodes, the channel access share by LAA is equal to that of any Wi-Fi node on an average for CW adaptation based on ACK/NACK.

Observation 6: In a simplified model consisting of only 1 LAA node and 1 to 4 Wi-Fi nodes, the channel access share by LAA is much lower than that of any Wi-Fi node on an average for CW adaptation based on eNB sensing options 1 and 2. Further, the channel access share by LAA is worse in case of eNB sensing option 2 than in case of option 1.

Proposal 1: In view of Observations 1, 2, 3, 5 and 6, LAA LBT should use contention window adaptation based on ACK/NACK.
Proposal 2: In view of Observation 4, LAA LBT should use a maximum contention window size of 1023 at least for high network density and loads.
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