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[bookmark: _Ref298777854]Introduction
LAA multi-carrier transmission from the LBT point of view was discussed in the  RAN1#82 meeting and the following was agreed [1]:
[bookmark: _GoBack]Agreements:
· For multi-Carrier LBT on a group carriers
· 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.

Our preferred solutions for LAA multi-carrier operation are presented in [2][3][4]. In this contribution, we provide additional information to address the above FFS topics remaining from the last meeting. 
Clarification on Wi-Fi for Multi-Carrier Transmission
For multi-carrier operation, IEEE 802.11ac follows [5] 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. Only contiguous primary and secondary channels can be bonded. 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. The Wi-Fi primary channel is always included in all transmissions, i.e., transmission on secondary channels alone is not supported. In summary,
· Wi-Fi adopts a hierarchical channel bonding scheme via combining contiguous 20MHz sub-channels in a non-overlapping manner where contiguous primary and secondary can be bonded. 
For Wi-Fi multi-carrier transmissions, 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.
Moreover, the thresholds for CCA-CS and CCA-ED are different for primary and secondary channels as shown in Table 1. Every time the channel bandwidth doubles, the required signal threshold also doubles. Additionally on a non-primary channel, energy of 20 dB over the minimum sensitivity indicates that a channel will be busy because that is likely to be sufficient power to have a decodable signal over the background noise. 
[bookmark: _Ref430720692]Table 1: CCA sensitivity threshold for IEEE 802.11ac [5]
	Channel width
	CCA-CS (primary)
	CCA-CS(non-primary)
	CCA-ED (non-primary)

	20 MHz
	-82 dBm
	-72 dBm
	-62 dBm

	40 MHz
	-79
	-72
	-59

	80 MHz
	-76
	-69
	-56

	160 MHz
	-73
	N/A
	N/A



We can summarize that the main component with respect to CCA in Wi-Fi accessing wider channels is the following:
· Simultaneous transmission across multiple carriers is allowed if one carrier (the primary channel) has completed a full-fledged random backoff and the others (the secondary channels) are found to be idle before transmission for at least a duration of 25 µs.
· Wi-Fi generally applies higher (>10 dB higher in some cases) thresholds for CCA on secondary channels than on the primary channel. 
LAA Alt 1 Multi-Carrier transmission
This alternative for multi-carrier operation is outlined as the following: 
· For multi-Carrier LBT on a group carriers
· 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

As discussed in [2][3][4], this alternative resembles Wi-Fi like multi-carrier operation:
· Simultaneous transmission across multiple carriers is allowed if one of those carriers has completed a full-fledged random backoff and the others are found to be idle before transmission for at least the duration of 25 µs.
In the following, we provide further evaluation results to address the FFS topics listed in the above. More specifically, we consider the following three possible combinations of the LBT carrier determination and channel bonding approaches. 
· Alt1-a:  Cat-4 based LBT channel is dynamically selected. The Wi-Fi channel bonding rule is not applied for channels with quick CCA i.e. quick CCA can be performed on any of the remaining carriers.
· Assuming four 20 MHz bandwidth channels, LAA is capable of transmission on 20, 40, 60 and 80 MHz.
· Alt1-b: Cat-4 based LBT channel is pre-selected and possibly non-aligned with operating Wi-Fi primary channel. The Wi-Fi channel bonding rule is not applied for channels with quick CCA i.e. quick CCA can be performed on any of the remaining carriers.
· Assuming four 20 MHz bandwidth channels, LAA is capable of transmission on 20, 40, 60 and 80 MHz.
· Alt1-c: Cat-4 based LBT channel is dynamically selected. The Wi-Fi channel bonding rule is applied for channels with quick CCA.
· Assuming four 20 MHz bandwidth channels, LAA is capable of transmission on 20, 40 and 80 MHz.
· All three cases are tested with LAA CCA-ED at -62 dBm for all carriers.
· The primary channels in the Wi-Fi networks are aligned, i.e. each of the 4 Wi-Fi APs adopts the same Primary channel.
Note that Alt1-a is the flexible Class A multi-carrier LBT solution that was discussed in [2][3][4]. 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.
As shown in our contributions [2][3][4], significantly better network and user experience performance can be achieved for two Wi-Fi networks or an LAA and a Wi-Fi networks when the Wi-Fi APs choose different frequencies as their primary channels. This is consistent with the advice from Wi-Fi industry expert [6]. Therefore, no alignment between LAA LBT channel and Wi-Fi primary channel is attempted in Alt1-b because of technology neutrality and better performance.
In the following we provide the system performance evaluation results of Wi-Fi coexisting with LAA based on any of the above schemes. Using the same coexistence methodology and assumptions from the TR [7], 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. 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. More information on the simulation assumptions is available in Annex A.
On the first FFS topic regarding how fast the eNB can change the carrier requiring Cat-4 based LBT, we compare Alt1-a and Alt1-b multi-carrier solutions for LAA where the carrier requiring Cat-4 based LBT can be changed dynamically or semi-statically, respectively. For this purpose, the mean and 5th percentile user throughput versus served traffic of both Wi-Fi and LAA networks are shown in Figure 1 to investigate how the overall system performance is affected for different multi-carrier LBT solutions for LAA, i.e. Alt1-a and Alt1-b. We can observe from these evaluations that supporting dynamic changes of the carriers requiring Cat-4 based LBT, clearly enhances the Wi-Fi network performance both for DL and UL traffic as well the mean and 5th percentile user throughput as well as improves considerably the LAA performance. Based on this investigation and discussion we make the following observation and proposal: 
Observation:
· Capability of dynamically changing the carrier requiring Cat-4 based LBT for multi-carrier operation of an LAA eNB provides considerable improvement in both LAA and Wi-Fi network system performance as compare to the case when this capability is not allowed. 
Proposal:
· The eNB  can change the carrier requiring Cat-4 based LBT dynamically

[bookmark: _Ref430796690][image: ][image: ]
[bookmark: _Ref430978019]Figure 1:  Mean and 5th percentile user throughput vs. served traffic per AP per operator based on two LAA multi-carrier solutions Alt1-a and Alt1-b corresponding to dynamically or semi-statically changes of the LAA carrier requiring Cat-4 LBT. Indoor deployment scenario with FTP traffic using up to 80 MHz transmission bandwidth is considered. The top and bottom plots correspond to DL and UL user throughput results, respectively.

On the second FFS topic regarding whether to apply the Wi-Fi channel bonding rule, we compare Alt1-a based LAA multi-carrier solution to Alt1-c based LAA multi-carrier solution which is in fact Alt1-a solution with Wi-Fi channel bonding rules for selection of the carriers requiring quick CCA. The mean and 5th percentile user throughput versus served traffic of both Wi-Fi and LAA networks are shown in Figure 2 to investigate how the overall system performance is affected under the channel bonding rules. The results illustrate that Wi-Fi system and user experience performance improves substantially with LAA network as neighbours. Further imposing Wi-Fi channel bonding rules to LAA has negligible effects on Wi-Fi system performance. On the other hand, the specification impacts caused by imposing such channel bonding restrictions are very significant because of the large deviations from the well-established LTE CA framework. Based on this investigation and discussion we make the following observation and proposal: 
Observation:
· Wi-Fi system and user experience performance improves substantially with LAA network as neighbours. Further imposing Wi-Fi channel bonding rules to LAA has negligible effects on Wi-Fi system performance.
· Imposing Wi-Fi channel bonding rules to LAA has significant specification impact.
· Well established LTE CA framework already provides the capability needed for LAA for multi-carrier operations.
Proposal: 
· No channel bonding restrictions are imposed.

On the third FFS topic regarding the energy detection threshold used on channels not performing Cat-4 based LBT, we observe from these evaluation results that LAA network can use the same CCA-ED of -62 dBm on the channels not performing Cat-4 based LBT as the Wi-Fi network. Therefore we propose the following:
Proposal: 
· Energy detection threshold used on channels not performing Cat-4 based LBT is -62 dBm.
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[bookmark: _Ref430796698]Figure 2: Mean and 5th percentile user throughput vs. served traffic per AP per operator based on two LAA multi-carrier solutions Alt1-c and Alt1-a where Wi-Fi channel bonding rules for LAA is adopted or not, respectively. Indoor deployment scenario with FTP traffic using up to 80 MHz transmission bandwidth is considered. The top and bottom plots correspond to DL and UL user throughput results, respectively.

Figure 3 illustrates the mean and 5th percentile user throughput versus served traffic, respectively for the indoor deployment where FTP traffic is considered where Alt1-a considered as the preferred solution for the multi-carrier LBT for LAA. It can be clearly observed that not only there is no coexistence issue with respect to the Wi-Fi network, but also the performance of Wi-Fi network is considerably improved due to coexisting with a flexible and agile system.
We conclude the discussion on the remaining issues of the Alternative 1 multi-carrier LBT solutions for LAA by summarizing the corresponding proposals on the reaming issues in the following:

Proposals:
· LAA supports both Alt1 and Alt 2 as in [1] for multi-carrier LBT on a group of carriers.
· For multi- Carrier LBT on a group carriers based on Alt1 as in [1]
· The eNB  can change the carrier requiring Cat-4 based LBT dynamically
· No channel bonding restrictions are imposed.
· Energy detection threshold used on channels not performing Cat-4 based LBT is  -62 dBm

We would like to address the corresponding proposals in [8] and recommend that they are not supported. In addition to the extensive analysis and investigation provided in this contribution for a wide variety of load points and combinations of schemes, we fail to see that the proposals in [8] are justified since the corresponding investigation and consequent observations in [8] are based on full-buffer system level simulations for a specific scenario. Full-buffer simulations in principle are misleading and not representing the realistic operating points of a well designed system. In particular, the multi-carrier operation in the unlicensed band is mainly beneficial in low and medium loads and due to high contention at very high loads (i.e. approaching to the full buffer) single channel transmission becomes more effective. A comprehensive study based on field measurements presented to IEEE in [9] provides similar observations and clearly states, “Wide channels are inherently less efficient for a given number of STAs, even with full buffer traffic… It is better to spread over more collision domains. Full buffer traffic likely overstates channel efficiency as it is not principal traffic type”. 
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[bookmark: _Ref430983848]Figure 3: Mean and 5th percentile user throughput vs. served traffic per AP per operator based LAA multi-carrier solution Alt1-a. Indoor deployment scenario with FTP traffic using up to 80 MHz transmission bandwidth is considered. The top and bottom plots correspond to DL and UL user throughput results, respectively.
LAA Alt-2 Multi-Carrier LBT
This alternative for multi-carrier operation is outlined as the following: 
· For multi-Carrier LBT on a group carriers
· 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

There have been different views on mandating freezing the backoff counter for the carriers that are not transmitting while there is transmission from other carriers irrespective of the RF leakage or separation of these channels. The main concern of the proponents of this proposal is that when there is no RF leakage between the two channels used by the eNB, LAA accesses the channel more than the Wi-Fi AP, which appears to be an aggressive behaviour from an LAA node from a channel access point of view [10]. 
It is unrealistic to assume costly filter design for LAA eNB and remain competitive in the market. Therefore the assumption of no RF leakage between two channels could only be possibly valid when those channels are located far apart in the unlicensed spectrum. As an example one carrier can belong to the UNII-1 and the other in UNII-3. Consequently due to the Wi-Fi channel bonding rules, those channels can not to be aggregated in an AP in the first place and hence the rest of the argumentation remains irrelevant.
Moreover, discussion on the limits of the frequency separation of these channels is clearly out of the scope of RAN1 and should be discussed in RAN4 if needed.
Therefore based on the above discussion we make the following proposal:
Proposal: 
· The FFSs in the agreement for multi- Carrier LBT on a group of carriers based on Alt2 as in [1] is not within the RAN1 scope and should be removed.
Conclusions
In this contribution, the open issues regarding the LAA multi-carrier transmissions are addressed.  
Observation:
· Capability of dynamically changing the carrier requiring Cat-4 based LBT for multi-carrier operation of an LAA eNB provides considerable improvement in both LAA and Wi-Fi network system performance as compared to the case when this capability is not allowed. 
· Wi-Fi system and user experience performance improves substantially with LAA network as neighbours. Further imposing Wi-Fi channel bonding rules to LAA has negligible effects on Wi-Fi system performance.
· Imposing Wi-Fi channel bonding rules on LAA has significant specification impact.
· Well-established LTE CA framework already provides the capability needed for LAA for multi-carrier operations.
Based on the evaluation and analysis provided in this contribution as well as our previous contributions we have proposed the following:
Proposals:
· LAA supports both Alt1 and Alt 2 as in [1] for multi-carrier LBT on a group of carriers.
· For multi- Carrier LBT on a group carriers based on Alt1 as in [1]
· The eNB  can change the carrier requiring Cat-4 based LBT dynamically
· No channel bonding restrictions are imposed.
· Energy detection threshold used on channels not performing Cat-4 based LBT is  -62 dBm
· The FFSs in the agreement for multi- Carrier LBT on a group of carriers based on Alt2 as in [1] is not within the RAN1 scope and should be removed.
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Appendix
Annex A: Additional Coexistence Evaluation Assumptions
The simulation assumptions are based on the agreed coexistence assumptions in [7]. However our simulation settings 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. Moreover, FTP model 3 is used for generating FTP traffic. A maximum channel occupancy time of 4ms is assumed for LAA. Additionally, the LBT algorithm used for LAA is based on the recommended Category 4 LBT algorithm in [7] with the relevant latest agreements in [1].
Finally, Table 2 and Table 3 capture our assumptions for Wi-Fi and LAA systems, respectively.
[bookmark: _Ref414616232]Table 2: 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 on Primary channels
-72dBm and preamble decoding on Primary channels
(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
	-62dBm

	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

	Defer period
	43 micro second including 3 CCA slots following 16 micro second period

	Aligned Primary channels
	Yes



[bookmark: _Ref414616236]Table 3: 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
	-62 dBm

	Cyclic Prefix
	Normal

	eNB contention window
	CWmin=15, CWmax=63

	CCA slot size
	9 micro second

	Defer period
	43 micro second including 3 CCA slots following 16 micro second period



Annex B: Additional Coexistence Evaluation Results
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