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1 Introduction
Accessing wider channels than 20 MHz is well motivated for operations in the 5GHz band due to the large amount of available unlicensed spectrum. Current LTE supports carrier aggregation for both intra-band contiguous and non-contiguous CA as well as inter-band CA for both DL and UL transmission. Currently LTE is limited to aggregate a maximum of five component carriers. However, the current FeCA work item [1] is focused on extending the CA framework to support more than 5 carriers which is well motivated in particular for operations in the unlicensed band.
During the LAA study item, the coexistence evaluations were focused on the transmission bandwidth of 20 MHz where the single channel case was perceived as the most stringent and important scenario. The common understanding was that the single channel case represents the most extreme scenario in terms of coexistence where the contending nodes have only one channel to share. Moreover the case where the AP/eNB of operators were supported by four 20 MHz bandwidth carriers were also investigated where in that case the node had the possibility of choosing one of the four channels for transmission using 20 MHz bandwidth.  The study item concluded that a fair coexistence can be achieved in all these cases for different deployment scenarios as well as traffic and node densities [2].
There has been no evidence suggesting that increasing the transmission bandwidth within the CA frame work would result in a conflicting coexistence assessment as compared to the study item conclusion. However there has been a request on providing additional coexistence evaluation results focusing on transmission on 80 MHz bandwidth since the state of art IEEE802.11 ac products are capable of transmission on 80 MHz bandwidth.
To address such concerns, in this contribution we present coexistence evaluation results of Wi-Fi and DL-only LAA using up to 80 MHz transmission bandwidth. Moreover, we have investigated the coexistence case even for more constrained Wi-Fi deployments as well as more dense deployments and presented our investigations in the companion contributions [3] and [4], respectively. Finally the same investigation is carried out for LAA networks coexisting with each other where we provided the results and assessment in [5].

2 Wi-Fi and DL LAA Multi-Channel LBT

In this section we briefly present the channel access schemes used for Wi-Fi and LAA networks.
Wi-Fi LBT algorithm for multi-channel transmission:
For multi-carrier operation, IEEE 802.11ac follows a hierarchical channel bonding scheme on 20 MHz channels to determine its transmission bandwidth for a PPDU frame, which could be 20 MHz, 40 MHz, 80 MHz, contiguous 160 MHz or non-contiguous 80+80MHz. One of the 20 MHz channels is chosen as the primary 20 MHz channel. Then the primary 40 MHz and 80 MHz channels are the valid 40 MHz and 80 MHz channels that contain the primary 20 MHz channel. 
Counting down of the random backoff counter is based on clear channel assessment on the primary channel after a defer period, if necessary. On the secondary channels only  a quick CCA check for a PIFS duration (generally 25 μs) is performed before the potential start of transmission to determine if the additional secondary channels are available for transmission. Based on the results of the secondary CCA check, transmission is performed on the larger bandwidths; otherwise transmission falls back to smaller bandwidths. The Wi-Fi primary channel is always included in all transmissions, i.e., transmission on secondary channels alone is not supported. APs in a Wi-Fi network can and are recommended to have different primary channels [6].
Therefore we can summarize that the main component with respect to CCA in Wi-Fi accessing wider channels is the following:
· Allow simultaneous transmission on more than one carrier if one carrier (the primary channel) has completed a full-fledged random backoff and others are found to be idle before transmission for at least a duration of 25 us.
LAA DL LBT algorithm for multi-channel transmission:
In order to investigate the coexistence aspects on an LAA network supporting wider bandwidth than 20 MHz for transmission, we have considered two classes of methods for LAA DL multi-channel LBT, Class A and Class B. LBT methods within Class A are based on the principles adopted in Wi-Fi for accessing a wider channel in the sense that it is required to have only one full-fledged random backoff completed on one carrier before transmission occurs. Class B represents the schemes where all channels with transmission have completed full-fledged random backoff before transmission. Once an LBT scheme for a single carrier has been specified, Class B schemes can automatically be used for LAA multi-channel access simply by meeting the LBT requirements for each channel. Detailed descriptions of these classes are given below:

· Class A (Wi-Fi like multi-channel LBT schemes): 
The basic principle adopted in LBT methods within Class A (as stated above) is the following: 
· Allow simultaneous transmission on more than one carrier if one of those carriers has completed a full-fledged random backoff and others are found to be idle before transmission for at least the duration of 25 us.
As it is obvious, when it comes to the LBT procedure in terms of the random backoff and quick CCA, this method is very much aligned with Wi-Fi. Performing one full random backoff and quick CCA on other channels is a reasonable approach to adopt in LAA. However, one difference is in the way channels are grouped together for transmission. The CA frame work allows transmission on non-contiguous channels and hence imposing constraints and dependencies between the channel with full random backoff and other channels with quick CCA becomes irrelevant. 

Moreover, it is up to eNB implementation how to operate the system such that the multi-channel LBT scheme falls within Class A. One example is that the eNB can start the full-fledged random backoff on all the channels. The SCell that finishes the random backoff first is the one considered as the channel with the full-fledged random backoff. To determine whether any other channel is idle for duration of PIFS before intended transmission, the last slots of the random backoff procedure corresponding to other channels are taken into account and examined and the channels which are found to be idle are used for the transmission.. 
· Class B (Extended LAA single channel LBT schemes) : 
The basic principle adopted in Class B is the following: 

· Allow simultaneous transmission on more than one carrier if all of those carriers have completed a full-fledged random backoff and are idle at transmission time.

It should be well understood that this class is a simple extension of the LBT for transmission on a single channel within the category 4 frame work. Once an LBT scheme for a single carrier has been specified, Class B schemes can automatically be used for LAA multi-channel access simply by meeting the LBT requirements for each channel. In the multi-channel case, different random backoff procedures can be completed at different time instances. The node will defer transmission to a later time and then sense the channel before transmission, where similar to the single channel case, the channels have to be found idle prior to transmission. It is up to eNB implementation which criteria are used to determine the transmission time. 
One example is to have a flexible and opportunistic transmission time but a maximum limit for the transmission time. The eNB then transmits on the carriers where LBT succeeds after following the post-backoff wait time. The post-backoff wait time principle is based on the maximal wait time, which defines a point in time up to which channels with completed backoff will wait before transmitting. SCells which have not completed the random backoff procedure by the maximal wait time will generally not be allowed to transmit together with carriers that have entered the post-backoff waiting phase. If all SCells finish their backoff procedure before the maximal wait time, they may begin transmitting together without waiting until the maximal wait time boundary after performing a quick CCA on the channels being used for transmission. By postponing transmission by a period that may extend up to the end of the wait time, the probability that multiple carriers complete the LBT procedure and can transmit simultaneously is greatly enhanced. This is important since channel sensing/data reception cannot be performed on any non-transmitting carrier(s) if one or more of the other carriers of that device are transmitting.
One can consider additional restrictions to permit only specific time instances for transmissions as proposed in [7]. In that case, the SCells that have completed the random backoff defer until the transmission time instance where transmission can occur if the channel is found to be idle prior to the transmission time.
In both classes of multi-channel LBT schemes, transmission on any combination of channels is possible.  For example, with four 20 MHz bandwidth channels, LAA is capable of transmission on 20, 40, 60 and 80 MHz.
3 Wi-Fi – LAA coexistence evaluation results
3.1 Simulation assumptions
The coexistence methodology and relevant simulation assumptions during the study item [2] are adopted here. The indoor scenario is simulated where two operators deploy X=4 small cells each in the single-floor building sharing Y=4 unlicensed carriers, 20 MHz each. The non-replaced Wi-Fi network has both DL and UL traffic with an 80/20 split. The Wi-Fi network which is replaced by LAA has only DL FTP traffic. 80 UEs per operator are considered in the evaluation. 
The primary channels in the Wi-Fi networks are not aligned, i.e., each of the 4 Wi-Fi APs adopts a different Primary channel.
Moreover, the following additional assumptions are used for the LAA multi-channel LBT evaluation in this section:
· Class A LAA multi-channel LBT:

· Contention window for each carrier is tracked separately based on the HARQ feedback for each carrier. The largest CW is used to draw a random counter to be used by all carriers.

· The LAA CCA-ED threshold is set to -72 dBm. 
· Class B LAA multi-channel LBT:

· Contention window for each carrier is tracked separately based on the HARQ feedback for each carrier. 
· Maximum waiting time of 15 CCA slots (15x9 µs) is assumed.
· The LAA CCA-ED threshold is set to -72 dBm. 
More details on the simulation assumptions are provided in the Appendix, Annex A.
3.2 Coexistence evaluation results 
Figure 1 and Figure 2 illustrate the mean and 5th percentile user throughput versus served traffic, respectively for the indoor deployment where FTP traffic is considered. In the Wi-Fi and LAA coexistence scenario, in the first step, Operator A and B both use Wi-Fi. In the second step, operator A and its corresponding UEs are replaced by an LAA operator and LAA UEs while operator B and its UEs remain unchanged. Additionally operator A supports only DL traffic while both DL and UL traffic are supported by operator B. Moreover, the licensed PCell carrier is not used in the LAA network. 
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Figure 1: Mean user throughput vs. served traffic per AP per operator for the indoor deployment scenario with FTP traffic using up to 80 MHz transmission bandwidth. Operator A network has only DL traffic and Operator B network has DL and UL traffic with 80/20 split. The non-replaced Wi-Fi network is operator B. For LAA, licensed band PCell is not used for DL traffic. The left and right plots correspond to DL and UL user throughput results, respectively.
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Figure 2: 5th percentile user throughput vs. served traffic per AP per operator for the indoor deployment scenario and FTP traffic using up to 80 MHz transmission bandwidth. Operator A network has only DL traffic and Operator B network has DL and UL traffic with 80/20 split. The non-replaced Wi-Fi network is operator B. For LAA, licensed band PCell is not used for DL traffic. The left and right plots correspond to DL and UL user throughput results, respectively.
4 Discussion
The results presented here provide an overview on the coexistence of DL-only LAA multichannel transmission with a Wi-Fi network that carries both DL and UL traffic. The overall system performance results clearly show that from the coexistence point of view and the impact on the non-replaced Wi-Fi network, both Class A and Class B based multi-channel LAA LBT schemes are viable. Overall, the performance of the non-replaced Wi-Fi network is boosted when coexisting with LAA for both classes. 
Conclusion: 
· An LAA network using multi-channel transmissions on the unlicensed band can coexist well with Wi-Fi networks.
In the following, we provide more insight in to the system performance based on the coexistence evaluation results. 

The LAA multi-channel LBT schemes within Class A can be perceived as the schemes which enable LAA with full flexibility and agility. The reasoning is that the Wi-Fi specific constraints on channel ordering are not needed due to the inherent flexibility of the LTE CA frame work. On the other hand the main principle of multi-channel LBT schemes in Wi-Fi in terms of CCA prior to transmission, are adopted. In addition, the coexistence evaluation results for both DL and UL traffic as well as the mean and cell-edge users in Figure 1 and Figure 2, show that when LAA adopts a multi-channel LBT scheme within Class A, it can coexist well with a Wi-Fi network: 
Observations:

· A multi-channel access scheme for LAA that follows the CCA principles used by Wi-Fi can achieve good performance for both LAA and Wi-Fi by providing maximum flexibility and agility for channel access.

· A multi-channel access scheme for LAA that follows the CCA principles used by Wi-Fi can coexist well with Wi-Fi networks.
Based on the above coexistence evaluation and discussion, we propose the following:
Proposal:

· Support flexible multi-channel LBT for LAA where simultaneous transmission on more than one carrier is allowed if one of those carriers has met the LBT requirements for a single carrier and the other carriers are found to be idle before transmission for at least a duration of 25 us.

5 Conclusions

In this contribution, two classes of schemes are considered for LAA multi-channel LBT where one represents methods similar to Wi-Fi multi-channel LBT schemes and the other covers the use of the LAA single channel LBT scheme for all channels. Once an LBT scheme for a single carrier has been specified, the latter type of schemes can automatically be used for LAA multi-channel access simply by meeting the LBT requirements for each channel. These two classes cover two ends of a range of LBT multi-channel design options in terms flexibility and agility. Moreover, we report coexistence evaluation results for DL-only LAA multichannel transmission  for indoor deployments when the Wi-Fi network supports both UL and DL FTP traffic. In these evaluations, LAA is not utilizing the licensed band carrier. Based on the evaluations and analysis, we made the following observations and conclusion: 
Conclusion: 
· An LAA network using multi-channel transmissions on the unlicensed band can coexist well with Wi-Fi networks.
Observations:
· A multi-channel access scheme for LAA that follows the CCA principles used by Wi-Fi can achieve good performance for both LAA and Wi-Fi by providing maximum flexibility and agility for channel access.

· A multi-channel access scheme for LAA that follows the CCA principles used by Wi-Fi can coexist well with Wi-Fi networks.

Finally we proposed the following:

Proposal:

· Support flexible multi-channel LBT for LAA where simultaneous transmission on more than one carrier is allowed if one of those carriers has met the LBT requirements for a single carrier and the other carriers are found to be idle before transmission for at least a duration of 25 us.
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7 Appendix

Annex A: Additional Coexistence Evaluation Assumptions

The simulation assumptions are based on the agreed coexistence assumption in [2] . However our preferences on the assumptions that remained optional or need clarifications when results are presented are provided below. In all the indoor coexistence evaluations, the transmit power of the base station in the unlicensed band is assumed to be 18 dBm per carrier. Moreover, FTP model 3 is used for generating FTP traffic. Additionally, the LBT algorithm used for LAA is based on the recommended Category 4 LBT algorithm in [2].
Table 3: Additional Wi-Fi system evaluation assumptions

	Parameter
	Value

	MCS
	802.11ac MCS table with 256 QAM 

	Antenna configuration


	Open loop 2x2 MIMO 
QPSK/16QAM/64QAM/256QAM

	Channel coding
	LDPC

	Frame aggregation
	A-MPDU

	MPDU size
	1500B MSDU + 14 B header

	Max PPDU duration
	Baseline:< 4 ms 
(Asynchronous to LTE timing)

	MAC
	Coordination
	EDCA

	
	SIFS, DIFS
	SIFS, DIFS

	
	Detection
	Energy detection & preamble detection

	
	RTS/CTS
	No

	
	Contention window
	Per EDCA

	CCA-CS
	-82dBm and preamble decoding
(Note preamble occupies the 20MHz system bandwidth with rate 1/2 coding and BPSK modulation)

	CCA-ED on Primary channels
	-62dBm

	CCA-ED on Secondary channels
	-72dBm

	ACK Modelled (successful reception, resources utilized)
	Yes

	DL/UL Duplexing
	For the DL-only LAA coexistence evaluations:
· DL traffic only for the replaced Wi-Fi network

· DL and UL for the non-replaced Wi-Fi network 

	Rate control
	Same as used in LAA

	OFDM symbol length
	4 micro second

	AP contention window
	CWmin=15, CWmax=63

	UE contention window
	CWmin=15, CWmax=1023

	Aligned Primary channels
	No


Table 4: Additional LAA system evaluations assumptions

	Parameters
	Value

	PCI planning for each NW
	Planned 

	Antenna configuration

	2Tx2Rx, Cross-polarized. 

	Transmission schemes
	Open loop 2x2 MIMO based on TM10, QPSK/16QAM/64QAM/256QAM

	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
	-72 dBm

	Cyclic Prefix
	Normal

	eNB contention window
	CWmin=15, CWmax=63

	CCA slot duration
	9 µs as in Wi-Fi


Annex B: Additional Coexistence Evaluation Results
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