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1 Introduction
In last RAN1#82bis, the following agreements were reached for multi-carrier LBT on a group of carriers [1].
· Alt1: eNB performs Cat-4 based LBT on only one unlicensed carrier

· When the eNB completes LBT on a carrier, the eNB can sense other configured carriers for a period, e.g., PIFS (25 microseconds), immediately before the completion of LBT on the carrier.

· The eNB is allowed to transmit DL data burst(s) on the carriers sensed idle according to above procedure.

· FFS: How fast the eNB can change the carrier requiring Cat-4 based LBT

· FFS: Whether to apply the Wi-Fi channel bonding rule

· FFS: Energy detection threshold used on channels not performing Cat-4 based LBT

· Alt2: eNB performs Cat-4 based LBT on more than one unlicensed carriers

· The eNB is allowed to transmit DL data burst(s) on the carriers that has completed Cat-4 based LBT with potential self-deferral (including idle sensing for a single interval) to align transmission over multiple carriers. 

· FFS: If the eNB can receive on a carrier while transmitting on another carrier, freeze backoff counter(s) for the carrier(s) not transmitting while other carrier(s) is transmitting if the carriers are within X MHz apart

· FFS: X MHz

· FFS: Whether LAA supports Alt1 + Alt2 or Alt2 only.
In this contribution, we present our views on the details of the LBT procedure and parameter design for the two options, and concludes that both options could be used for multi-carrier LBT operation. 
2. Alt1: cat-4 based LBT on only one unlicensed carrier
For this option, the eNB performs the full-fledged Cat-4 based LBT procedure on only one unlicensed carrier, which is termed as the synchronization carrier hereafter. Before the completion of whole LBT on the unlicensed carrier, the eNB could perform a quick CCA on other configured carriers, and then transmit DL data over those the carriers which are sensed free. This option works very similar to Wi-Fi system, and thus could provide better coexistence fairness with Wi-Fi. As addressed in our contribution [2], this option is beneficial due to the increased bandwidth and avoids a full random backoff procedure per carrier. 
Observation 1:  The multi-carrier LBT mechanism with a full LBT procedure on only one carrier for LAA is very similar to that of Wi-Fi.
In fact, the selection of synchronization carriers is pivotal to trade off the delay in channel access and coexistence fairness with other nodes. Herein, two options are proposed for the eNB to decide which carrier is selected as the synchronization carrier that performs Cat-4 based LBT:

· Option 1: the eNB can semi-statically select one of the unlicensed carriers as the synchronization carrier based on the longer-term sensing outcome for all the carriers. For example, the eNB could select the carrier with a lower load (or channel occupancy) as the synchronization carrier to ensure the channel access performance. This option is similar to the selection of primary channel for Wi-Fi
· Option 2: the eNB can dynamically change the synchronization carrier. E.g. eNB can perform Cat-4 based LBT on all the unlicensed carriers independently and simultaneously, and then select one carrier which first completes the backoff countdown as the synchronization carrier. This option allows fast channel aggregation for multi-carrier operation, but may put Wi-Fi nodes at disadvantageous position when LAA coexists with Wi-Fi.
Proposal 1: For Alt 1, with LBT on only one carrier, both semi-static and dynamic options on selection of synchronization carrier can be supported by the eNB. 
Further, 802.11ac system has defined a hierarchical channel bonding scheme to combine continuous 20MHz sub-channels up to 160 MHz. That is, only if the quick CCA succeeds in the adjacent 20MHz or the adjacent 40MHz, the 40MHz or 80MHz could be used to transmit a PPDU frame. By contrast, for LAA system, the carrier aggregation (CA) framework could allow LAA to work on non-contiguous unlicensed carriers to provide a higher data rate. The primary cell could be always on a licensed carrier and multiple unlicensed cells could be independently configured and activated on a need basis. If LAA adopts the Wi-Fi like continuous channel bonding rule, the available bandwidth would be decreased, and the CA advantage for LAA would be lost. Hence, the Wi-Fi like channel bonding rule should not be applied for LAA multi-carrier transmission. 
Proposal 2: The continuous channel bonding rule in Wi-Fi should not be applied for LAA multi-carrier transmission.
In addition, the following table summarizes the CCA-ED threshold used for 20MHz, 40MHz, 80MHz, and 160MHz (or 80+80MHz) channel bandwidths in 802.11ac.

Table 1 CCA-ED thresholds for different operating channel bandwidths of 802.11ac

	
	Primary 20MHz
	Secondary 20 MHz
	Secondary 40 MHz
	Secondary 80 MHz

	20 MHz
	-62 dBm
	-
	-
	-

	40 MHz
	-62 dBm
	-62 dBm
	-
	-

	80 MHz
	-62 dBm
	-62 dBm
	-59 dBm
	-

	160MHz /80+80 MHz
	-62 dBm
	-62 dBm
	-59 dBm
	-56 dBm


It can be observed that the CCA-ED threshold for Wi-Fi is proportional to the operation channel bandwidth. For LAA, assuming CCA-ED is done individually on each carrier (unlike Wi-Fi where it can be done in a larger bandwidth), the same CCA-ED threshold as that defined for Wi-Fi 20 MHz, i.e. -62 dBm, could be used for the carrier that is not a synchronization carrier. The CCA-ED threshold for the synchronization carrier can either follow that of the single-carrier case or can be revisited after the rule for the threshold in the single-carrier case is determined.
Proposal 3: The CCA-ED threshold on the non-synchronization carrier is -62 dBm (same as in Wi-Fi). 

3. Alt2: Cat-4 based LBT on more than one unlicensed carriers
The most natural and the simplest way for Alt2 is to have the eNB perform Cat-4 based LBT on each individual unlicensed carrier, and is allowed to transmit DL data burst(s) only on the carriers that have completed Cat-4 based LBT, with potential self-deferral to align transmissions over multiple carriers. We call this approach as Alt 2a. In this option, the LBT procedure (including CW update, random counter generator, etc.) on each carrier is completely independent, except for the possible self-deferral for alignment. As addressed in our contribution [2], this alternative could allow the eNB to synchronize transmission across multiple carriers and achieve the benefit of carrier aggregation when possible, Because the single-carrier LBT requirement is satisfied on each individual carrier (in fact more conservative), this can be regarded as an implementation approach to support multi-carrier LAA based on single-carrier LAA design, 

Observation 2: Alt 2a, having independent LBT procedure on each individual carrier, with potential self-deferral to aligns transmissions among carriers, is an implementation approach for multi-carrier LBT based on single-carrier LBT design.
However this is at the cost of waiting additional CCA slots and at the risk of losing the carriers to other LAA or Wi-Fi nodes. Although the LBT synchronization boundary could be dynamically determined for each transmission burst, the detailed implementation is highly dependent on the algorithm selected. For example, if the LBT synchronization boundary is chosen very conservatively, most likely there would be just one carrier with successful LBT. On the other hand, if a carrier needs to wait longer to reach LBT synchronization boundary, the chances of losing the channel to other Wi-Fi/LAA nodes becomes high, which results in the low channel utilization. 

For Wi-Fi system, each Wi-Fi node performs the eCCA procedure only on the primary channel. And on all the secondary channels, only a single CCA check is performed. In comparison, the above proposal requires each LAA node to complete both the eCCA countdown and possibly the iCCA before transmissions on multiple carriers. As a consequence, this method would put LAA at disadvantageous position when LAA coexists with Wi-Fi. This is also why other alternatives such as Alt 1 should be considered.
Observation 3: Alt 2a, with the individual LBT procedure per carrier, may put LAA at disadvantageous position when LAA coexists with Wi-Fi.
Another proposal for Alt 2 is to define a combined LBT procedure for multiple carriers, and transmission is allowed to occur on all these carriers if the combined LBT procedure succeeds. But there are a few issues for this approach:
· When the number of carriers is large, there can a lot of different combinations, which would make it difficult to do LBT for all these combinations.

· It would need to consider how to update the contention window size for the combined LBT procedure which corresponds to multiple carriers. There may not be a good way to decide the contention window size since each carrier may have different loading condition.
· The benefit of such an approach is also not clear.

Therefore such an approach would need further investigation and justification.
4. LBT Parameter Update for Multi-Carrier LBT Operation
Here LBT parameter update refers to the update of the maximum contention window size (CWS), the random backoff counter generation and reset.

For Alt 2a, since the LBT is performed individually on each carrier, it is natural to have parameters updated independently on each carrier, and it can simply follow the single-carrier LBT procedure.
For Alt 1, the multi-carrier interaction needs to be considered given that independent transmissions occurs on each carrier and each carrier could potentially be the synchronization carrier. So the LBT parameter update should be investigated in detail. Moreover, if multiple LBT priority classes (LPCs) are to be supported for handling multiple QoS classes, it also needs to be taken into account in the LBT parameter update. Note that the priority support for single-carrier case has been discussed in our companion paper [3]. 
When multiple LPCs are supported, if an intended PDSCH transmission burst contains traffic corresponding to different LPCs on a carrier, only one priority class, named as the access priority class (APC), is used to determine the LBT parameters. For example, the lowest or highest LPC can be selected as the APC, but exactly which LPC is chosen is out of the scope of this discussion.
In case only a single LPC is supported, all the traffic belongs to the same LPC, and the APC is the same as the supported LPC.
In the following, two alternative approaches are proposed for Alt 1 to configure the parameters of the above LBT procedures:
· Approach 1: A set of independent LBT parameters (e.g. CWMax, CWMin, and defer period etc.) is configured for each carrier requiring Cat-4 based LBT procedure. The eNB maintains an instance of the CWS for each LPC per carrier, which is the CWS value to be used for channel access. When the eNB needs to perform Cat-4 based LBT on a carrier, the eNB applies the LBT parameters corresponding to the APC of the carrier.  The LBT procedure and parameter update can be carried on as follows:
a) Backoff counter generation: generate the independent random backoff counter per carrier based on the CWS for the APC.
b) CWS adjustment
· Only adjust the CWS of the used carriers that have completed a full Cat-4 based LBT before the transmission
· Or, adjust the CWS of all the used carriers (some of them may have just done a single CCA check)
In any case, the CWS adjustment should not be done on the carriers which have not been used.
c) Transmission Opportunist (TXOP): it is preferred to use the same TXOP for all the used carriers for transmission alignment. In case TXOP is defined as one of the parameters associated with each LPC, the TXOP to be used can be chosen in one of the following ways:
· The used TXOP  is set to the TXOP associated with the APC of the carrier on which eNB completes Cat-4 based LBT
· Or, the used TXOP  is set to the minimum TXOP among all the used carriers
· Approach 2: A set of common LBT parameters for a group of carriers (e.g. CWMax, CWMin, and defer period etc.) is configured for the carriers requiring Cat-4 based LBT procedure, and the eNB maintains an instance of the CWS for each LPC for a group of carriers. When eNB needs to perform Cat-4 based LBT on a carrier, the eNB applies the LBT parameters corresponding to the APC of the carrier.  The LBT procedure and parameter update can be carried on as below:

a) Backoff counter generation: generate the independent random backoff counter based on the CWS of the APC for that group of  carriers.

b) CWS Adjustment

i. Adjust the CWS based on trigger events defined based on the input from the carriers that have completed a full Cat-4 based LBT

ii. Or, adjust the CWS based on trigger events defined based on the inputs from all the used carriers.
As illustrated above, approach 1 is very similar to the single-carrier design, and has much less impact on existing single-carrier LBT procedure compared to approach 2. However, since the LBT parameters for approach 1 are maintained per carrier, the parameters of synchronization carrier in Alt.1 would dominate the LBT procedure. It does not take into account the QoS requirements of data bursts and access opportunity over other carriers. On the contrast, a set of common LBT parameters is proposed for approach 2, which represents a balanced outcome considering the channel access chances and QoS requirements among multiple carriers.
Proposal 4: Consider both candidate approaches for configuration and update of LBT parameters used for multi-carrier LBT operation.
5. Conclusion
In this contribution, we discuss the details of the LBT procedure for the candidate options of multi-carrier LBT operation.  
Based on the discussion, we got the following observation:
Observation 1:  The multi-carrier LBT mechanism with a full LBT procedure on only one carrier for LAA is very similar to that of Wi-Fi.
Observation 2: Alt 2a, having independent LBT procedure on each individual carrier, with potential self-deferral to aligns transmissions among carriers, is an implementation approach for multi-carrier LBT based on single-carrier LBT design.
Observation 3: Alt 2a, with the individual LBT procedure per carrier, may put LAA at disadvantageous position when LAA coexists with Wi-Fi.
Furthermore, we proposed that
Proposal 1: For Alt 1, with LBT on only one carrier, both semi-static and dynamic options on selection of synchronization carrier can be supported by the eNB. 
Proposal 2: The continuous channel bonding rule in Wi-Fi should not be applied for LAA multi-carrier transmission.
Proposal 3: The CCA-ED threshold on the non-synchronization carrier is -62 dBm (same as in Wi-Fi). 

Proposal 4: Consider both candidate approaches in Section 4 for configuration and update of LBT parameters used for multi-carrier LBT operation.
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