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1 Introduction

Considering limited time for LAA WI, the work item shall only specify support for LAA SCells operating with only DL transmissions. For UL, the following should be agreed (but not specified): the principles of UL channel access and the necessary forward compatibility mechanism so that the UL for LAA SCells can be added in future release without modifications to the DL design [1]. 

In this contribution, we discuss the UL channel access mechanism, particularly the UL LBT Cat 2, i.e. Frame based equipment (FBE). 
2 Discussion  
During the study item phase, it was agreed that Category 4 based LBT mechanism is recommended as the baseline for LAA DL transmission bursts containing PDSCH. Regarding LBT for UL transmission, there was preliminary discussion and it was agreed that UL LBT scheme can be different from the DL LBT scheme as follows:

Agreements:
· LAA supports UL LBT at the UE.

· The UL LBT scheme can be different from the DL LBT scheme (e.g. by using different LBT mechanisms or parameters) e.g., since the LAA UL is based on scheduled access which affects a UE’s channel contention opportunities

· Other considerations including multiplexing of multiple UEs in a single subframe

· Possibly other considerations
There’re two camps for UL LBT scheme, one is supporting LBT Cat 2 (FBE), the other one is supporting LBT Cat 3 or 4 (LBE). The advantage of FBE is minimal specification change to support eNB scheduled UL transmission and easy support for UL multiplexing of multiple UEs in one subframe by FDMA and MU-MIMO.  But due to a smaller number of channel access opportunities that are limited by fixed frame duration, it is less competitive than LBE. Some performance degradation of LAA is observed compared with coexisting Wi-Fi under medium to high load [2]. However, the simulation is either based on fixed UL/DL configuration or without the consideration of multi-user scheduling in one subframe. For LBE with optimized parameter for random-back off, the channel access opportunity is increased compared with FBE. Thus, the comparable performance of LAA and Wi-Fi is observed [2]. However, it is noted that setting q=1 or 2 for CCA while using 1ms TXOP violates the principle of LBT Cat 3, where the TXOP determined by 13/32*q should be smaller than 1ms according to the regulation.  The shorter TTI burst would introduce quite a lot system design work. For LBT Cat 4, the CW adjustment is not an easy task either. In our companion contribution [3], we discussed potential issues for CW adjustment. The last but not the least problem for LBE is the reservation signal can cause interference and channel congestion which prevents the multi-user multiplexing in one subframe. Although some methods are studied to alleviate the inter-user blocking, e.g. by coordinating the random back-off or restricting the eCCA slots in the last OFDM symbol, it seems either complicated or reduces the channel access opportunity. 
Based on these arguments, we think LBT Cat 2 should be considered as the baseline for UL LAA. Meanwhile, we also note that UL channel access opportunity of LAA based on LBT Cat 2 is much lower than Wi-Fi because only scheduled UEs can perform LBT to occupy channel for PUSCH transmission. Therefore, it should be noted that LBT for LAA UL transmission should be designed to increase channel access opportunity of LAA by using more flexible scheduling and faster LBT mechanism, while keeping coexistence performance of LAA and Wi-Fi.

 In the following, we discuss basic LBT design for FBE, and we also provide some enhancement to further increase the channel access opportunity of FBE.   
Observation 1: Enhanced LBT Category 2 to increase channel access opportunity should be considered as the baseline for UL LAA. 
2.1 Basic Category 2 LBT design for UL
According to the definition of UL transmission burst captured in [1], each UL transmission burst from a UE perspective is a continuous transmission from a UE with no transmission immediately before or after from the same UE on the same CC. Note that the UL transmission burst is defined from a UE perspective and this does not preclude the possibility of defining a UL transmission burst from an eNB perspective.
For FBE, the UL transmission burst starts at the subframe boundary of first scheduled subframe if multiple subframes are scheduled in one burst, or just right after the first scheduled subframe boundary which depends on the location of CCA slot. 
Location of single CCA slot is fixed in front of the UL transmission burst. The CCA slot before the UL transmission burst could be either in the beginning of the UL subframe or before the boundary of UL subframe. Considering the partial ending subframe is under the study of DL transmission burst, and LTE already supports special subframe, it is simpler to locate the single CCA slot in the end of the subframe before the UL subframe.  In the CCA slot, either eNB or UE is not allowed to transmit any signal.  
Once the UE passes the CCA, the UEs shall start PUSCH transmission at the beginning of the UL transmission burst. The UEs failing the CCA shall drop the PUSCH transmission. 
If the UL transmission burst is defined from an eNB perspective, to support multi-user multiplexing by FDMA/MU-MIMO, it is desirable to schedule the UEs from the first subframe of the UL transmission burst.  Then, all UEs scheduled in the same burst could perform CCA at the same time and start transmission at the same time if CCA is successful. In the case multiple UL subframes are consecutively scheduled for the same UE, no sensing is performed for the PUSCH transmissions for the remaining subframes in one transmission burst once the UE starts transmission.  Either cross-subframe scheduling (multiple UL grants in one DL subframe scheduling the following UL subframes) or multi-subframe scheduling (one UL grant scheduling all the following UL subframes) could be considered in addition to existing one-to-one UL scheduling. It is particularly beneficial in a UL-heavy scenario where we should avoid too many DL subframes just to send UL grants. As is shown in Figure 1, when there is little DL traffic in the buffer, the DL burst only occupies 2 DL subframes, i.e. subframe 11 and 12. It is not desirable to extend the DL burst into subframe 13 and 14 where only UL grants for subframe 17 and 18 are transmitted together with useless padding bits. Obviously, multi-subframe/cross-subframe scheduling, e.g. UL grants for subframe 17 and 18 transmit in subframe 11, could avoid such resource waste. 
If UL transmission burst is defined from a UE perspective, it is desirable to align the beginning of UL transmission burst at least for UEs serving by the same cell to avoid inter-user blocking. For both cases, the duration of PUSCH transmission for each UE could be different according to their traffic. 
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Figure 1 Illustration of FBE for UL burst with 4ms TXOP
Observation 2: By aligning the first scheduled subframe from all UEs in one UL transmission burst, inter-user blocking could be avoided. Multi-subframe/cross-subframe scheduling could be considered. 
It is noted that by restricting UEs in one UL transmission burst to be scheduled at the beginning of the burst or aligning the start of UL burst from different UEs disables TDMA in one UL burst. The failure of CCA at the beginning of the UL burst leads to dropping of PUSCH transmission in multiple UL subframes. To support more flexible UL scheduling, UL transmission with 1ms TXOP could be considered.  Consequently, CCA is performed in every UL subframe. Last OFDM symbol is reserved as idle period and for CCA. Multi-user multiplexing by FDMA/MU-MIMO and TDMA could be supported. In the case eNB wants to schedule consecutive multiple UL subframes for a UE, the probability of PUSCH transmission in at least one scheduled UL subframes could be increased as long as UE detects idle channel in one of the CCA slots. For example, for UE2, # 17 and 18 UL subframe could transmit PUSCH in Fig 2 while these two subframes are dropped in Fig 1. On the hand, for those UEs which could pass the CCA at the beginning of scheduled multiple subframes may suffer performance degradation if the channel is occupied by other nodes in the intermediate CCA slot. For example, for UE3, # 18 UL subframe is dropped in Fig 2 while #18 UL subframe is available in Fig 1. 
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Figure 2 Illustration of FBE for UL burst with 1ms TXOP

Observation 3: Shorter TXOP, such as 1ms could be considered to enable more flexible UL scheduling. 

The discussion above considers synchronous cells. For asynchronous deployment, the blocking issue between UEs served by asynchronous cells may still occur for FBE, such as multi-operator deployment. To alleviate such successive blocking, cell-specific variable starting point of UL transmission could be introduced.
Observation 4: Cell-specific variable starting point of UL transmission could be introduced to alleviate inter-user blocking between asynchronous cells. 
2.2 Approaches to increase transmission opportunity
As is discussed in sector 2.1, enhancements to LBT Cat 2 to increase the transmission opportunities should be considered. There are three alternatives,

· Alternative 1: UL transmission with additional CCA slots in the middle of UL transmission burst, in which UE can differentiate RAT type.
Instead of using 1ms TXOP, additional CCA slots which are not completely blank in the middle of UL transmission burst could be considered to increase the channel access opportunity as well as to support flexible scheduling while avoid dropping PUSCH in the middle of multiple scheduled subframes. For UEs already starting transmission could reserve some of the REs in frequency domain (e.g. reserved SRS comb REs) or transmit pre-defined sequence in these CCA slots. In that way, the transmission is continuous in time domain to avoid other nodes grasping the channel in the middle of transmission. At the same time, other UEs scheduled to transmit in a later subframe or UEs failed CCA at the beginning of UL transmission burst could perform sequence detection or enhanced energy detection on these reserved REs to differentiate whether the channel is occupied only by LAA UEs or by other non-LAA nodes, such as Wi-Fi. If interference from non-LAA signals is below the CCA threshold, LAA UEs could access the channel. 

To differentiate the CCA slots prior to the UL transmission burst and in the middle of UL transmission burst, we define 1st type CCA and 2nd type CCA slots respectively. Let’s assume the UL transmission burst with 4 ms TXOP from eNB perspective. The CCA slot prior to the UL transmission burst is 1st type CCA slot, where no signal from the serving cell and UEs in the same cell is allowed to transmit. The CCA slot for each UL subframes other than the first subframe in UL transmission burst is 2nd type CCA slot, where some resources are reserved or pre-defined sequence is transmitted, e.g. every other subcarrier in last OFDM symbol in each UL subframe is muted. Figure 3 provides an example. 

· UE 1 is scheduled to transmit PUSCH for 4 consecutive subframes from the first subframe of UL burst. UE 1 performs CCA in 1st type CCA slot right before #5 UL subframe. If the channel is idle, UE 1 starts UL transmission in #5 UL subframe and continuous transmission for the remaining UL subframes without any CCA. UE1 should reserve the resource for 2nd type CCA slots in the end of  #5, #6 and #7 UL subframe. 
· UE 2 is scheduled to transmit PUSCH in #6 UL subframe. Then, UE 2 performs energy detection on the reserved subcarriers in 2nd type CCA slot before #6 UL subframe.  If the detected energy level is below the CCA threshold on these subcarriers, e.g. no Wi-Fi interference, UE 2 could start PUSCH transmission in #6 UL subframe. Similarly, UE2 should reserve the resource for 2nd type CCA slot in the end of #6 UL subframe.

·  UE 3 is scheduled to transmit PUSCH for 3 consecutive subframes from the first subframe of UL burst. UE 3 performs CCA in 1st type CCA slot right before #5 UL subframe. Unfortunately, the channel is occupied. UE 3 drops the PUSCH transmission in #5 UL subframe. UE 3 performs energy detection on the reserved subcarriers in 2nd type CCA slot before #6 UL subframe.  If the detected energy level is below the CCA threshold on these subcarriers, UE 3 could start PUSCH transmission in #6 UL subframe and continue the transmission in #7 UL subframe. Still, UE 3 should reserve the resource for 2nd type CCA slot in the end of #6 and #7 UL subframe.


[image: image3.emf]DL DL DL DL UL UL UL

0 1 2 3 4 5 6 7 8

DL burst

C

C

A

e

C

C

A

e

C

C

A

e

C

C

A

e

C

C

A

UL

UL burst

UE1 for UL

UE2 for UL

UL UL UL

C

C

A

UL

UL

UE3 for UL

UL

C

C

A

UL

UL

Reservation 

signal for DL

UL

dropped UL 

transmission 

DL

Available DL 

transmission 

UL

Available UL 

transmission 

C

C

A

C

C

A

C

C

A

C

C

A

C

C

A

CCA in 2

nd

type CCA slot

C

C

A

CCA in 1

st

type CCA slot

C

C

A

2

nd

type 

CCA slot


Figure 3 Examples of 1st and 2nd type CCA slots
Observation 5: LBT Cat 2 for UL can be enhanced by supporting CCA procedure at UE that can differentiate RAT type, in order to allow UE to access the channel if interference from non-LAA signals is below the CCA threshold. This can be achieved by introducing additional CCA slot with pre-defined sequence or some reserved resource in frequency domain (e.g. reserved SRS comb REs) for CCA during UL transmission burst (e.g. at the last symbol of every UL subframe).
· Alternative 2: UL transmission with more flexible CCA threshold [4].

The CCA threshold could be determined by a semi-statically configured value instead of the power class of the UE, e.g. the maximum transmission power of UE (Pc_maxc). As a further step, the CCA threshold could be dynamically determined by the current transmission power of the UE. The transmission power is controlled by eNB. If the detected energy level at UE side is larger than the CCA threshold, UE has to drop the UL transmission. Obviously, there is some flexibility for LAA to increase the UL transmission opportunity at the cost of lower UL transmission power. It would be beneficial if eNB could properly control the UL power. Therefore, the assistance information of interference perceived at the UE side to eNB may be helpful.  
· Alternative 3: UL transmission with more flexible UL transmission power.
UE could adjust its UL transmission power to effectively increase the CCA threshold. Consequently, the UL transmission opportunity could be increased with lower UL transmission power. The difference between alternative 2 and 3 is UE has some autonomy for the control of UL power. Such autonomous UL transmission behaviour is still aligned with basic network-centric rule for LTE, because UE behaviour is somehow under eNB’s control. That is, eNB could configure a power range in which UE choose a proper value for UL transmission to pass the CCA. UE has to drop the UL transmission only if the UL transmission power derived from the detected energy level of CCA is less than the lower bound configured by eNB.  
Observation 6: LBT Cat 2 for UL can be enhanced by supporting more flexible CCA threshold. This can be achieved by determining CCA threshold according to maximum UL transmission power for each UL transmission burst or equivalently adjusting the UL transmission power by UE.  
For all these alternatives, UL transmission still may be dropped in some cases. The uncertainty of UL transmission would have impact on eNB behaviour, e.g. eNB has no clear idea whether UE misses the UL grant or UE drops the PUSCH due to occupied channel, which makes it difficult for eNB to make a proper link adaptation for UL grant. Thus, it is beneficial to provide scheduled PUSCH transmission status to eNB. 

Proposal 1: LBT Cat 2 with enhancements to increase the UL transmission opportunity should be studied.  
3 Conclusions
Based on the discussion above, we have the following observations and proposals:

Observation 1: Enhanced LBT Category 2 to increase channel access opportunity should be considered as the baseline for UL LAA. 
Observation 2: By aligning the first scheduled subframe from all UEs in one UL transmission burst, inter-user blocking could be avoided. Multi-subframe/cross-subframe scheduling could be considered.

Observation 3: Shorter TXOP, such as 1ms could be considered to enable more flexible UL scheduling.

Observation 4: Cell-specific variable starting point of UL transmission could be introduced to alleviate inter-user blocking between asynchronous cells.

Observation 5: LBT Cat 2 for UL can be enhanced by supporting CCA procedure at UE that can differentiate RAT type, in order to allow UE to access the channel if interference from non-LAA signals are below the CCA threshold. This can be achieved by introducing additional CCA slot with pre-defined sequence or some reserved resource in frequency domain (e.g. reserved SRS comb REs) for CCA during UL transmission burst (e.g. at the last symbol of every UL subframe).
Observation 6: LBT Cat 2 for UL can be enhanced by supporting more flexible CCA threshold. This can be achieved by determining CCA threshold according to maximum UL transmission power for each UL transmission burst or equivalently adjusting the UL transmission power by UE.

Proposal 1: LBT Cat 2 with enhancement to increase the UL transmission opportunity should be studied.  
· Alternative 1: UL transmission with additional CCA slots in the middle of UL transmission burst, in    which UE can differentiate RAT type
· Alternative 2: UL transmission with more flexible CCA threshold
· Alternative 3: UL transmission with more flexible UL transmission power
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