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1 Introduction

In the last meeting, it was agreed to classify the evaluated LBT schemes according to the following categories [1]:
· Category 1: No LBT

· Category 2: LBT without random back-off

· Category 3: LBT with random back-off with fixed size of contention window

· Category 4: LBT with random back-off with variable size of contention window
In this contribution, the comparison of LBT category 2/3/4 are discussed, focusing on the mechanisms and advantage/disadvantage analysis. The performance comparison of different LBT categories can be found in a companion contribution [2].
2 Discussions
2.1 Category 2: LBT without random back-off
LBT without random back-off means no random back-off is needed for the contention window. FBE defined in ETSI regulation is a typical illustration of this case.
For FBE, a Fixed Frame Period is defined, which consists of Channel Occupancy Time and Idle Period. Before starting transmissions on an Operating Channel, the equipment shall perform a CCA check towards the end of the Idle Period using "energy detect". If the Operating Channel is considered as occupied, the equipment shall not transmit on that channel during the next Fixed Frame Period. Obviously for FBE, no random back-off is needed for the contention window, where the contention window is within the Idle Period. Figure 1 depicts one example of FBE.
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Figure 1. One example of FBE
For FBE, the main advantage is to have frame timing known in advance, e.g. the end of the Idle Period can always be at the subframe boundary. Considering the agreement in last meeting [3], i.e. DL LAA design should assume subframe boundary alignment according to the Rel-12 CA timing relationships across serving cells aggregated by CA, the potential start time of data transmission over the unlicensed Scell can be known in advance with assistance of the timing relationships between the unlicensed Scell and the licensed Pcell. This frame timing known in advance will greatly decrease the UE detection complexity and would also benefit UL transmission as observed in another companion contribution [4], if UE still follows the scheduling timing from the eNB.
One of the disadvantage of FBE is the fixed CCA window will restrict the opportunity to access the channel. Furthermore if CCA check indicates an Operating Channel is occupied, there will be no transmission during the next Fixed Frame Period, which would result in low transmission efficiency especially in the heavy load case. 
This would also bring the blocking issue, as depicted in Figure 2. If two LAA eNBs are unsynchronized and the traffic load of the eNB1 which occupies the unlicensed spectrum in advance is relatively heavy, the eNB2 may not obtain the opportunity to access this channel for a long time. This will especially happen among operators who deploy co-channel LAA in the same region. Enhancements to overcome this sustained blocking problem should be further studied, such as coordinating FBE patterns or configuring flexible frame structure among multiple nodes to avoid blocking. The length of fixed frame period may be configurable, although the rate of adaptation may not be fast if the configuration is semi-static. Therefore the adjustment of the transmission duration to adapt to system load would only be able to cope with slow changes in traffic load. 
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Figure 2: Example of sustained blocking over the unlicensed spectrum for FBE
According to the simulation results evaluated in [2], it can be observed that FBE can provide fair coexistence for Wi-Fi. It is expected that Wi-Fi may have a higher opportunity to access the channel than FBE LAA equipment, especially in the high load cases.
Observation: LAA following LBT category 2 (FBE) can provide fair coexistence with Wi-Fi.
2.2 Category 3: LBT with random back-off with fixed size of contention window
LBT with random back-off with fixed size of contention window means the maximum possible random back-off value of the contention window is fixed. LBE with a fixed value q for the Extended CCA (ECCA) is one example of this case, i.e. LBE procedure Option B as defined in EN 301 893 V1.8.0.
Before a transmission or a burst of transmission on an Operating Channel, a Clear channel assessment (CCA) check using “energy detect” shall be performed by the equipment. If the Operating Channel is considered to be idle, the equipment may occupy this channel immediately and transmit continuously at most for Maximum Channel Occupancy Time. If the Operating Channel is considered to be occupied or the equipment has made use of this channel for Maximum Channel Occupancy Time, the equipment shall perform an Extended CCA (ECCA) check which is based on a randomly generated back-off counter, i.e. N. The value of N shall be randomly selected in the range 1 to q every time an Extended CCA is required. The counter N is decremented every time the slot observed in the CCA observation time (defined as a CCA slot) is considered to be "unoccupied". When the counter reaches zero, the equipment may transmit.
As defined in EN 301 893 V1.8.0, the contention window size for LBE procedure Option B depends on q, where q is declared by the manufacturer. In addition, the CCA observation time used by the equipment shall also be declared by the manufacturer. 
Figure 3 depicts on example of LBE, where q is 16 and not changed for every ECCA check. The back-off number for the first ECCA check is 15 and shall be regenerated for each ECCA check.
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Figure 3. LBE with random back-off with fixed size of contention window
Furthermore since a Wi-Fi device does not resume counting down of the random back-off counter until the channel is idle and waits for the DIFS or AIFS periods, the similar mechanism could also be introduced to LAA on the top of LBE to ensure the fair coexistence between LAA and Wi-Fi. For example, after the Operating Channel is considered to be idle during one defer period, a CCA/an ECCA check can be initiated and the random back-off counter for an ECCA check can be decremented. To see this modification clearly, one example is depicted in Figure 4, where the value of q and back-off number N are the same as Figure 3. It should be noted that this mechanism of introducing one defer period also applies to other LBE based LBT categories, such as LBT category 4 as discussed in the later section.
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Figure 4. LBE with random back-off with fixed size of contention window and defer period
LBE enables the eNB to sense the channel whenever there is packet in the buffer. Unlike FBE, if the channel is considered to be occupied, ECCA check to sense the channel continuously can be initiated immediately or soon after the Operating Channel is considered to be idle during one defer period. Therefore for LBE, more opportunities to access the channel could be found when a packet is just ready to be transmitted
Since the channel occupancy time can be selected within the maximum value, LBE would achieve flexible transmission duration to adapt to the system load. As proposed in [5], for LBE the data transmission can start in the middle of the subframe so as to increase the data transmission efficiency. The main challenge would be the complexity and power consumption for the UEs to blindly detect the start of the eNB transmission. Therefore enhancements to alleviate UE detection complexity should be considered. 

According to the above analysis, the Pros/Cons of FBE and LBE are summarized in Table 1. It should be noted that since both LBT category 3 and 4 are based on LBE, the Pros/Cons of LBE listed in the following table also apply to LBT category 4.
Table 1. Pros/Cons of FBE and LBE for DL

	
	FBE 
	LBE 

	Pros 
	Frame timing known in advance which can reduce blind detection complexity;
	More opportunities to access the unlicensed spectrum;
Flexible transmission duration to adapt to the system load; 

	Cons 
	Less opportunity to access the unlicensed spectrum;

Inflexible to adjust transmission duration to adapt to system load, which results in low efficiency and possible resource waste 
	UE blind detection complexity if the eNB can transmit useful information in the middle of a subframe.


In addition, based on the simulation results evaluated in [2], it can be observed that fair coexistence for Wi-Fi can be ensured by LBT category 3 (i.e. LBE procedure Option B as defined in EN 301 893 V1.8.0.). That is even without the variable size of contention window for back-off, LAA following LBT category 3 under a range of traffic loads can be fair to Wi-Fi. The reason partly relies on the fact that LAA can operate with a higher spectral efficiency than Wi-Fi, therefore the channel occupancy time of LAA and the corresponding interference by LAA to Wi-Fi can be lower than another Wi-Fi network carrying the same traffic. This allows the co-existing Wi-Fi to have more chance to access the channel.
Observation: Even without a variable contention window size, LAA following LBT category 3 using dynamic backoff within the fixed contention window can be fair to Wi-Fi under a range of traffic loads, since LAA operates with a higher spectral efficiency than Wi-Fi.
In addition, the sensitivity of the coexistence performance to the contention window size is proven by the results when the contention window size of LAA is increased from 260us (q=13) to 520us (q=26) in [6]. It was observed that the coexistence of LAA with Wi-Fi becomes the same as that of another Wi-Fi network under the simulated cases. Therefore it would be expected LBT category 3 with a fixed contention window larger than the largest contention window of Wi-Fi would be even more fair to Wi-Fi.

Observation: If the size of the fixed contention window is large enough, LAA following LBT category 3 is expected to ensure fairness to Wi-Fi in all range of traffic load.
2.3 Category 4: LBT with random back-off with variable size of contention window
The channel access mechanism with random back-off with variable size of contention window (CW) has been applied to 802.11 equipment, i.e. the size of CW will be exponentially increased when Wi-Fi attempts a transmission and the result is a failure. The purpose of changing CW size is to reduce the probability of transmission based on the assumption that transmission failures are due to collisions which are resulted from excessive offered load, as mentioned in [7]. Therefore LBT category 4 is introduced to be evaluated, so as to ensure the similar medium access rules for different equipments [7]

 REF _Ref413857882 \r \h 
[8]. 
As mentioned in Observation 3, changing the contention window size i.e. q on top of LBE procedure Option B as defined in EN 301 893V1.8.0 semi-statically can relieve the collisions in the high load and this can be regarded as one example of LBT category 4. From this aspect, to introduce a configurable value of q on top of LBE procedure Option B as defined in EN 301 893V1.8.0 can be a candidate solution for LAA. 
On the other side, LBE procedure Option A with a variable q for the contention window as defined in EN 301 893V1.8.0 is another example of category 4.

The main differences between LBE procedure Option A and Option B includes the ECCA check procedure and introducing the trigger event to change the contention window size for LBE procedure. Other difference can be found in Table 2.
For LBE Option A defined in EN 301 893 V1.8.0, if the Operating Channel is considered to be occupied or the equipment has made use of this channel for Maximum Channel Occupancy Time, the equipment shall perform an Extended CCA (ECCA) check which is based on an observation period of q Observation Slots. An Observation Slot is either an Unoccupied Idle Slot (ECCA slot time) of 18us or a Busy Slot. A Busy Slot is the total time the Operating Channel was found occupied in between two unoccupied ECCA slots and which shall be considered as a single Observation Slot. 
The initial value of q is 16 and the value of N shall be randomly selected in the range 1 to q every time an Extended CCA is required. If an Extended CCA check has found N unoccupied Idle Slots, the equipment may resume transmissions on this channel and the value of q shall be reset to its initial value. Otherwise the value of q shall be doubled for every new Extended CCA check. Once q has reached a value of 1 024 and the Extended CCA check still failed to find N unoccupied ECCA slots, the value of q may be reset to the initial value of 16 for the start of the next Extended CCA check.
According to the above description, it can be seen that for this option, the trigger event to change the contention window size is based on whether N idle slots can be found during q Observation Slots. This is different from the one applied for Wi-Fi, where the trigger event is based on the transmission results, i.e. ACK or no ACK. On the other side, the channel access results are evaluated during q Observation Slots. Since the number of Busy Slots also contributes to the Observation Slots number and the length of one ECCA check is limited (i.e. q Observation Slots), if there are already q-N+1 Busy Slots during the q Observation Slots, the N could never reach zero so that channel access for this ECCA check will always fail and the contention window will definitely be doubled for the next ECCA check. However for Wi-Fi, count N can decrease to 0 without time limits, thus contention window is not doubled unless no ACK is received. 
One example of option A is depicted in Figure 5(a), where for the first ECCA check the value of q is 16 and the back-off number N for ECCA is 15. The number in the bracket denotes the residual back-off number in the counter after this unoccupied idle slot. In this example, there are only 14 Unoccupied Idle Slots during q Observation Slots for the first ECCA check, so the back-off counter N would never reaches zero during q Observation Slots and q will definitely be doubled and the eNB has to start over the second ECCA check again. 
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Figure 5(a). LBE procedure Option A as defined in EN 301 893V1.8.0
To see clearly the different mechanisms for LBE option A and Wi-Fi, another example of Wi-Fi access mechanism is depicted in Figure 5(b), where the exact same channel conditions as Figure 5(a) are considered. For Figure 5(b), the back-off number is also 15. The value of slot to sense the channel for Wi-Fi is 9us, where for LBE option A defined in EN 301 893V1.8.0, one Unoccupied Idle Slot is 18 µs. For simplification, the value of AIFS is 45us which is slightly larger than AIFS value for Best Effort (i.e. 43us) to ensure AIFS value is a multiple of 9us.

As depicted in Figure 5(b), Wi-Fi will have a much better opportunity to access the channel earlier and the contention window will not be doubled unless no ACK is received. 
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Figure 5(b). Channel access procedure for Wi-Fi, where the channel condition is the same as Figure 4(a)
In summary, Option A defined in EN 301 893 V1.8.0 greatly restricted the equipment to access the channel than the current Wi-Fi specification, especially in the high load and dense scenario, which is unfair to other technologies on the unlicensed band, including LAA. 

In addition, according to the definition of a busy slot for LBE option A, a busy slot is the total time the Operating Channel was found occupied in between two unoccupied ECCA slots. Therefore when the randomly generated N is smaller than q/2, the counter will certainly reach 0 before the end of the observation window (assuming at least one idle slot after each busy slot), hence doubling the contention window will not occur.

In summary, both for LAA and Wi-Fi, the fairness between LAA/Wi-Fi to access channel cannot be well guaranteed by LBE procedure Option A with a variable q for the contention window as defined in EN 301 893 V1.8.0.
Observation 4: LBE procedure Option A with a variable q for the contention window as defined in EN 301 893 V1.8.0 cannot guarantee similar medium access for LAA and Wi-Fi since the channel access opportunity of LAA is greatly restricted if LAA follows LBE procedure option A.
2.4 Other option of Category 4

As mentioned above, the purpose to introduce the LBT category 4 is to ensure the similar medium access rules for LAA and Wi-Fi. For Wi-Fi, the trigger event to change the size of contention window depends on the transmission results, i.e. ACK or no ACK. From this aspect, similar trigger event for LAA to change the size of contention window can also be considered, i.e. depending on ACK/NACK feedback from UEs. Using ACK/NACK results is an approximate way of estimating that a collision between two transmissions has happened. 
The trigger event for LAA to change the size of contention window may be different from Wi-Fi because there are differences in how ACK/NACK works in LAA and Wi-Fi. The different functions at least include the following aspects and the detailed trigger event for LAA depending on ACK/NACK can take these aspects into account.
· Different protocol architecture
· Wi-Fi: ARQ available at MAC layer, only ACK is reported
· LAA: HARQ available at Physical layer and ARQ available at RLC layer
· Scheduling

· Wi-Fi: single user scheduling

· LAA: multi-user scheduling

· HARQ-ACK feedback delay

· Wi-Fi: ACK is reported immediately after receiving a packet if reception was successful
· LAA: HARQ-ACK is reported 4 ms after receiving a packet
One example of this option is described as follows. The LBT procedure can be the same as LBE procedure with a fixed q for the contention window as discussed in section 2.2, except introducing the trigger event to double the contention window size. For this option, if event A is satisfied for the transmission during the latest channel occupancy time, the value of q shall be doubled for the following new ECCA check. Furthermore if event A is not satisfied, the value of q shall be rest to its initial value (i.e. 16). Once q has reached a value of 1 024 and event A is still satisfied, the value of q may be reset to the initial value of 16 for the start of the next ECCA check. Event A can depend on ACK/NACK. Figure 6 depicts this example where for the first ECCA check the value of q is 16 and the back-off number for ECCA is 15. Since event A depends on NACK is not satisfied for the data transmission followed by the first ECCA check, q needs not to be doubled for the second ECCA check.
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Figure 6. LBE with random back-off with variable size of contention window, where the trigger event A depends on NACK
In addition, to double contention window size for Wi-Fi can be regarded as one interference avoidance method. While for LAA, there are many other solutions to resist interference such as HARQ, fast link adaptation, ICIC, etc. Furthermore as observed in another companion contribution [9], the UPT performance in various scenarios can be improved by adjusting the CCA threshold of LAA to increase the reuse factor when LAA coexists with LAA. From this aspect, whether to adapt the contention window size when LAA coexists only with LAA could be further studied.
According to the above analysis, Table 2 summarizes the mechanism comparison between different LBT categories.
Table 2. Comparison between different categories

	
	LBT Category 2: FBE defined in EN 301 893  V1.8.0
	LBT Category 3: LBE with a fixed q (Option B defined in EN 301 893  V1.8.0)
	LBT Category 4: LBE with a variable q 

	
	
	
	Option A defined in EN 301 893  V1.8.0
	Other option where trigger event to change q depends on ACK/NACK

	Initiation time for CCA check
	Only performed towards the end of the Idle Period.
	Can be performed at any time if there is a demand of data transmission

	Observation time for one CCA slot
	>=20us
	>=20us
	>=20us
	>=20us

	Channel occupancy time
	[1ms, 10ms]
	<=(13/32)*q ms
	<=10ms
	Can be same as Option A, i.e. <=10ms

	Behaviours when CCA check  indicates an Operating Channel is occupied[note 1]
	No transmission during the next Fixed Frame Period.
	ECCA check is performed.

	Behaviours when the (Maximum) Channel Occupancy Time has been used
	CCA check is performed towards the end of the Idle Period.
	ECCA check is performed.

	Duration for ECCA check
	No ECCA check
	N*[one CCA slot], where N~[1,q] and q = 4…32
	N*[one Unoccupied Idle Slot], where N~[1,q] and q denotes the Observation Slots number;

N*[one Unoccupied Idle Slot] is within q Observation Slots;

The Observation Slot is either an Unoccupied Idle Slot of 18 µs (ECCA slot time) or a Busy Slot;
	Can be almost the same as LBT category 3, i.e.

N*[one CCA slot], where N~[1,q];
The length of CCA slot for ECCA check can be FFS.

	Is there random back-off?
	No
	Yes, within ECCA check and N is the random back-off number.

	Does the size of contention window to select random back-off number change?
	-
	No. q determines the contention window size and is declared by the manufacturer.
	Yes. q determines the contention window size and can be changed


	Trigger event to increase the contention window size for the new ECCA check
	-
	-
	q shall be doubled for every new ECCA check if the previous one failed to find N unoccupied ECCA slots during the Observation Slots;
	q shall be doubled for every new ECCA check if Event A is satisfied  for the transmission during the latest channel occupancy time.

Event A can depend on ACK/NACK.

	Trigger event to reset the contention window size to the initial value for the new ECCA check
	-
	-
	If an ECCA check has found N unoccupied ECCA slots during the Observation Slots or once q has reached the maximum value and the Extended CCA check still failed to find N unoccupied ECCA slots during the Observation Slots
	If Event A is not satisfied for the transmission during the latest channel occupancy time or once q has reached the maximum value and event A is still satisfied for the transmission during the latest channel occupancy time

	Others
	Minimum Idle Period: >=5 % of the Channel Occupancy Time;


	CCA observation time shall be declared by the manufacturer;


	The initial/maximum value of q is 16/1024.
	The initial/maximum value of q can be FFS, e.g. 16/1024;

CCA observation time can be declared by the manufacturer.

	Note1: for LBT category 3/4, the CCA check can refer to the one performed before a transmission or a burst of transmissions on an Operating Channel.


3 Conclusion
In this contribution, the comparison of LBT category 2/3/4 is discussed mainly from the aspects of the mechanism and pros/cons analysis. According to the analysis, the following observations and proposals are made:
Observations:

· LAA following LBT category 2 (FBE) can provide fair coexistence with Wi-Fi.
· Even without a variable contention window size, LAA following LBT category 3 using dynamic backoff within the fixed contention window can be fair to Wi-Fi under a range of traffic loads, since LAA operates with a higher spectral efficiency than Wi-Fi.

· If the size of the fixed contention window is large enough, LAA following LBT category 3 is expected to ensure fairness to Wi-Fi in all range of traffic load.
· For LAA following LBT category 4
· LBE procedure Option A with a variable q for the contention window as defined in EN 301 893 V1.8.0 cannot guarantee similar medium access for LAA and Wi-Fi since the channel access opportunity of LAA is greatly restricted if LAA follows LBE procedure option A.
Proposals:
· For FBE (LBT category 2)

· Enhancement to avoid sustained blocking over the unlicensed spectrum should be considered, such as coordinating/configuring flexible frame structure.
· For LBT category 3

· LBT category 3 is a feasible technique for LAA operation under certain ranges of traffic loads, which depends on the fixed contention window size.

· For LBT category 4

· The contention window size (e.g. q) can be adapted semi-statically to achieve a variable size of back-off procedure. 
· A trigger event to dynamically adapt the contention window can be based on whether a collision has occurred, e.g. depending on ACK/NACK feedback from UEs.
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