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Introduction
One of the most important design goals of LAA is fair coexistence with other radio access technologies (RATs) such as Wi-Fi and other LAA networks deployed by other operators. To meet the design goal, Listen before Talk (LBT) has been considered as a key enabling technology, where data packets are transmitted only when the channel is sensed to be idle. 
In this contribution, we discuss the LBT operation at the LAA eNB with multiple unlicensed carriers. We first review Wi-Fi operation with channel bonding. We then discuss various possible solutions for multi-carrier LBT for LAA DL. 
Wi-Fi Operation in 5 GHz Band 
In this section, we discuss multi-channel LBT operation for Wi-Fi 802.11ac nodes in 5 GHz band. Figure 1 shows the 5 GHz channelization for channel widths of 20 MHz, 40MHz, 80MHz, 160MHz or 80+80MHz, which are formed by combining contiguous 20MHz sub-channels in a non-overlapping manner. As shown in Figure 2, after deciding on the transmission bandwidth, one of the 20MHz channels is chosen as the primary 20MHz channel. Note that it is up to the access point (AP) to choose the 20 MHz primary channel. The primary 40MHz channel and the primary 80MHz channel are then bonded with contiguous secondary carriers. The primary 40MHz channel and the primary 80MHz channel contain the primary 20MHz channel and primary 40 MHz channel, respectively.
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Figure 1: Wi-Fi 5 GHz channelization [1]
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Figure 2 Relationship between primary and secondary carriers in Wi-Fi [1]


A Wi-Fi node performs a regular LBT, contention window based random back-off only on the primary 20MHz channel. After completion of the LBT procedure, the node performs only sensing for 25us just before the potential start of transmission on all the secondary channels. Note that thresholds for CCA-CS and CCA-ED are different for primary and secondary channels [1].  

LAA Multi-carrier LBT Design
The Wi-Fi multi-channel operation can well coexist with legacy Wi-Fi nodes that do not have the capability of multi-channel transmission. In a low load scenario, a node with multi-channel operation capability is likely to access a wideband channel (> 20 MHz) as the secondary channel(s) tends to be also idle when the primary channel completes the LBT procedure. On the other hand, in a high load scenario, especially when coexisting with legacy nodes with only 20 MHz transmission capability, the Wi-Fi multi-channel operation tends to fall back to a single 20 MHz operation as the secondary channels may be mostly occupied by the legacy nodes when the primary channel completes the LBT procedure. Channel utilization results in a simple setup are given in Figure 3 under the following assumptions: 
· Two APs in the proximity of each other
· AP1: channel 1 (primary) + channel 2 (secondary), AP2: channel 2
· 4ms TXOP
· Full buffer traffic. 
As expected, AP1 with 40 MHz capability mostly occupies only the primary 20 MHz channel while AP2 with 20 MHz capability occupies more than 90% of its own operating channel that is the secondary channel of AP1. In other words, the two APs evenly access the shared medium, regardless of their bandwidth capability. 
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Figure 3. Channel utilization in a simple setup. Two APs, AP1: ch1(primary) + ch2(secondary), AP2: ch2, 4ms TXOP, full buffer.


[image: ]     [image: ]
(a) No RF leakage between ch1 and ch2                                (b) High RF leakage between ch1 and ch2 
Figure 4. Channel utilization in a simple setup. One LAA eNB with ch1+ch2 and one Wi-Fi AP with ch2, 4ms TXOP, full buffer.

We note the following characteristics of the Wi-Fi multi-carrier channel access mechanism. 
· Only contiguous 20 MHz channels are accessible up to 80 MHz
· It is inefficient for AP to serve multiple STAs with different bandwidth capabilities. Note that when it sends packets to a 20MHz capable STA, other channels cannot be used even if other channels are free.  
In LAA, thanks to the CA framework, the above limitations could be readily addressed if we adopt independent LBT procedures for multiple carriers. However, such a design can make the LAA channel access behaviour much more aggressive than the Wi-Fi one, which could lead to unfair channel access between LAA and Wi-Fi. Figure 4 shows the channel utilization of LAA and Wi-Fi in a similar scenario assumed in Figure 3, where an LAA eNB with two 20 MHz channels is present in the proximity of a Wi-Fi AP with a 20 MHz channel which is common to one of the channels used by the eNB. We note that as shown in Figure 4(a) in the case when there is no RF leakage between the two channels used by the eNB, LAA accesses the channel three times more than the Wi-Fi AP. On the other hand, as shown in Figure 4(b), when there is high RF leakage between operating channels, the LAA channel access behaviour becomes similar to the Wi-Fi multi-channel access behaviour shown in Figure 3. This is because once one of the multiple channels is transmitting, other channels is likely to be busy due to the strong RF leakage. The results in Figure 4(b) also implies that completely independent LBT operations among different channels would not be desirable since the usage of wideband channel is limited even in a low load scenario and therefore aligned transmissions from multi-carriers should be pursued. 

Based on the above discussion, we propose the following design principles for LAA multi-carrier LBT:
· Support for transmissions on disjoint carriers
· Independent LBT operations with proper limitations
· Support for a mechanism of facilitating synchronous transmissions from multiple channels to improve wideband channel access, e.g., allowing to defer transmission until other carriers complete LBT. 
· Aligned LBT operations among multiple carriers
· Once at least one carrier out of all the potential transmission carriers starts to transmit, other carriers do not perform count down regardless of how severe RF leakage is. 
· When transmission(s) from one or more carriers ends, all the carriers should perform post random back-off with a new counter value that is newly generated and commonly applied to all the carriers. This operation can mitigate against LAA excessively accessing the channel. Note that allowing simultaneous LBT operations by multiple carriers effectively increase the number of contending nodes, compared to Wi-Fi where only the primary carrier participate in channel contention. 
Multi-carrier transmission with LBT procedures according to the above design principles is depicted in Figure 5. 




Figure 5. Illustration of proposed multi-carrier LBT procedures


 Performance Evaluation
Simulation Assumptions
· Indoor scenario [2]
· 12 UEs per operator
· FTP only traffic: FTP file size of 1.66 MB
· Larger than that in TR 36.889 to account for larger available bandwidth. The file size is scaled such that it is equal to the total offered load corresponding to 4 channel scenario with 40 UEs with 0.5 Mbps. 
· # of channels for each node: continuous 4 x 20 MHz unlicensed channels.
LAA 
· Initial CCA duration and extended CCA defer period: 34 s 
· eCCA slot duration: 9 s
· Max burst length: 4 msec
· Extended subframe used 
· Only unlicensed band is used for LAA data transmission
Wi-Fi 
· CL-MIMO
· Short GI of 400ns
· No RTS/CTS 
                                   
LAA LBT Options Compared 
· Option 1: Wi-Fi like multi-carrier LBT 
LAA transmitter only performs LBT on one of the four carriers. The remaining component carriers only sense the channel for PIFS (25us) when the primary carrier completes LBT. 
· Option 1a: Only contiguous carriers can be used for data transmission.  
· Option 1b: Disjoint carriers can be used for data transmission.  
· Option 2: Independent LBT with self-deferral with a common random counter realization (see Figure 5.)
When transmission(s) from one or more carriers ends, all the carriers should perform post random back-off with a new counter value that is newly generated and commonly applied to all the carriers. A carrier that completes the LBT (i.e., back-off counter = 0) can defer its transmission to be aligned with other carriers. The deferral time can be chosen by the eNB in a semi-static or a dynamic manner. Once a carrier defers its transmission, it should find again the channel idle for 25us before transmission. Once at least one carrier starts to transmit, other carriers that have not started transmission, cannot transmit until the ongoing transmission on other carrier(s) ends. The carriers transmitting data may not be contiguous.
· Option 3: Independent LBT with self-deferral with different random counter realizations for different carriers
This option is the same as Option 2 except that carriers independently generate the random back-off counter when ongoing transmission(s) on some or all of the carriers ends.
Simulation Results

In this section, we present and discuss simulation results for the LAA LBT design options given in the previous subsection. Figure 6 and Figure 7 show the average UPT performance for LAA ED = -62 dBm and LAA ED = -82 dBm, respectively. Figure 8 and Figure 8 show average number of 20 MHz channels used for data transmissions for LAA ED = -62 dBm and LAA ED = -82 dBm, respectively.
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Figure 6: Average UPT performance (LAA ED = -62 dBm)
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Figure 7: Average UPT performance (LAA ED = -82 dBm)
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Figure 8: Average number of 20 MHz channels used for data transmissions (LAA ED = -62 dBm)
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Figure 9: Average number of 20 MHz channels used for data transmissions (LAA ED = -82 dBm)


Observations and discussion
· LAA with Option 1a, Option 1b, and Option 2 provides a good coexistence with Wi-Fi for all the scenarios considered, i.e., the Wi-Fi performance is improved when coexisting with LAA (i.e., in Case 2). 
· Option 2 shows the best compromise between the Wi-Fi performance and the LAA performance, i.e., the best coexistence. It should be also noted that with Option 2, the Wi-Fi performance and the LAA performance are less sensitive to the choice of the self-deferral period than Option 3, which is a desirable characteristic in terms of coexistence. 
· Option 3 shows the worst coexistence performance especially when the self-deferral period is too short in a high load scenario. This is because with a short self-deferral period, the LAA eNB tends to transmit on less number of 20 MHz channels (as in Figure 8 and Figure 9), which (i) can degrade the Wi-Fi performance by often blocking the secondary channels in a high load scenario and (ii) can degrade LAA’s own performance in a low load scenario by accessing only small bandwidth even if the channels are free. In addition, contrary to Option 2, the coexistence performance can highly sensitive to the choice of the self-deferral period, which would not be desirable since it is difficult to control the fairness with Wi-Fi.
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Conclusion
In this contribution, we have discussed the LBT operation at the LAA eNB with multiple unlicensed carriers. Based on the discussion, we propose the following design principles.
Proposals
1. Support for transmissions on disjoint carriers
2. Independent LBT operations with proper limitations
a. Support a mechanism to facilitate synchronous transmissions from multiple channels, e.g., deferring a transmission until other carriers complete LBT. 
b. Aligned LBT operations among multiple carriers
i. Once at least one carrier out of all the carriers starts to transmit, other carriers do not perform count down, i.e., other carriers cannot transmit until the eNB’s ongoing transmission(s) ends. 
ii. When transmission(s) from one or more carriers ends, all the carriers should perform post random back-off with a new counter value that is newly generated and commonly applied to all the carriers.
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