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Introduction
The objective of the eLAA WI is to specify UL support for LAA SCell operation in unlicensed spectrum. One design target is to support UL multiplexing of multiple UEs by FDM and MU-MIMO, as agreed in RAN1#80 during the Rel-13 LAA study item phase [1].
· Target the support of UL multiplexing of multiple UEs in one subframe by
· Multiplexing in frequency domain
· The supported resource assignment (e.g. number and location of allocated RBs) is FFS
· Multiplexing by MU-MIMO
For the LAA UL, the UE may be allowed to transmit only if it firstly receives an UL grant from the eNodeB and then successfully senses the channel as idle using Listen Before Talk (LBT). Moreover, in RAN1#81, it was agreed that [2]:
· 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
Two candidate LBT mechanisms include, e.g. Category 4 LBT (LBT with random back-off with a contention window of variable size) and Category 2 LBT (LBT without random back-off), which have been identified for uplink LBT. LBT mechanisms, especially Category 4 LBT, are basically designed for collision avoidance, i.e., only one device accesses the channel at one time instant. To support UL multiplexing, there should be a mechanism to support multiple UEs to access the channel using UL LBT. Several agreements were made with respect to UL LBT in the email discussion [82-06], including:
· For self-carrier scheduling, the following UL LBT candidate procedures should be considered
· A CCA duration of at least 25 us before the transmission burst
· The sensing duration in a CCA slot can be less than the CCA slot duration
· A category 4 LBT scheme with a defer period of 25 µs including a defer duration of 16 us followed by one CCA slot, and a maximum contention window size chosen from X={3, 4, 5, 6, 7},
· FFS: The random backoff counter is generated at the eNB and is signaled to the UE
· FFS: When a UL grant is subject to LBT with a new random counter, the UL transmissions scheduled by the UL grant also uses a new random counter (previous counter is discarded) irrespective of prior success/failure in accessing the channel. 
· The UL maximum contention window size should be smaller than for DL category 4 LBT
· Note that X = 7 can be revisited later after DL LBT discussions, if necessary
· FFS: Energy detection threshold used for UL LBT

This contribution proposes to perform category 4 LBT based on narrowband channel assessment to support multiple UEs to access the channel.
[bookmark: _Ref129681832]Uplink LBT to enable UE multiplexing
Wideband channel assessment
There are mainly two types of UL LBT schemes under consideration but none of them are ideal for supporting UE multiplexing. 
Category 2 based LBT – single shot fixed Clear Channel Assessment (CCA)
If PUSCH transmissions are aligned to start at subframe boundary and all UEs perform LBT in a synchronized fashion, UE multiplexing could be achieved. However, full synchronization is not always possible since UEs could have different Timing Advance (TA). Furthermore, the interference situation varies within the cell and it cannot be guaranteed that all UEs sense the channel as idle. Moreover, a Category 2 based procedure penalizes LAA UEs since it offers less sensing opportunities than for WiFi.
Category 4 based LBT – contention window and random duration CCA
A Category 4 based scheme alleviates the issue with few sensing opportunities but implies that the LBT procedures become unsynchronized among UEs. It has been suggested to signal either/both the contention window size and the random counter value. Still, this would not completely solve the issue with TA uncertainty and interference variations. The procedure would further have to be combined with using either a self-defer period or transmission of a reservation signal. Self-deferral could lead to that other devices claim the channel during this period, while a reservation signal may prevent other UEs to claim the channel and make the objective of UE multiplexing difficult.

The above LBT procedures are based on measuring signal energy over the whole carrier bandwidth. Hence, the UL LBT procedure may include a wideband channel assessment to assure that wideband signals (e.g., WiFi) can be detected reliably. However, a wideband measurement alone cannot be used to determine whether there are transmissions from LTE UEs, for which UE multiplexing could be possible. In the subsequent sections, the concept of performing an additional narrowband LBT evaluation in order to support of UE multiplexing by FDM and MU-MIMO are discussed.
Narrowband channel assessment
A narrowband channel assessment is defined by that energy is measured over only a subset of the PRBs in the carrier. More specifically, the UE measures on PRBs which have been allocated for PUSCH. The narrowband channel assessment serves to allow the UE to identify the transmission type (e.g., if it is LTE) if the wideband channel assessment outcome is that the channel is used by any other device [3]. If the narrowband channel assessment identifies that there are only LTE devices transmitting, the UE may proceed to transmit the PUSCH. The main issue would be to determine the frequency resources for narrowband channel assessment. 
Support of FDM of PUSCH from different UEs
Narrowband Channel Assessment in the PUSCH resources
Since the eNodeB allocates disjoint sets of PUSCH PRBs for different UEs, narrowband channel assessment can be made in the PRBs allocated for the PUSCH for each UE, respectively. One example of supporting FDM is provided in Figure 1, where UE3 has an ongoing transmission and where both UE1 and UE2 received uplink grants from the eNodeB and perform channel assessment in subframe #n-1. UE1 and UE2 are multiplexed in a FDM way, i.e., the sets of allocated PUSCH PRBs are disjoint. Upon deriving the wideband channel assessment as busy given there is UE3 transmission, UE1 and UE2 perform the narrowband channel assessment to check the channel status by comparing the received energy with a narrow band channel assessment threshold. 



Figure 1. Example of UE1 and UE2 performing narrowband channel assessment to support UL FDM between UE1, UE2 and UE3.
The narrowband channel assessment in the PUSCH PRBs ideally experiences no interference from other UEs with PUSCH transmission, which allows the UE to declare the channel as idle for its PUSCH PRBs, even if there are other UEs with ongoing PUSCH transmission. 
Observation 1: FDM of PUSCH from different UEs can be supported by:
· Upon sensing the wideband channel as busy, a narrowband channel assessment is performed in the PUSCH PRBs indicated by the uplink grant to derive the CCA outcome.
Indication of the PUSCH PRBs
The PRBs used for narrowband channel assessment are the same as for the PUSCH transmission and are indicated in the UL grant.
Support of MU-MIMO
Narrowband channel assessment in a subset of the PUSCH resources
For MU-MIMO, the sets of PUSCH PRBs for different UEs are not disjoint. However, narrowband channel assessment can be made in a subset of the PRBs allocated for the PUSCH for each UE, respectively. One example of supporting MU-MIMO is provided in Figure 2, where UE3 has an ongoing transmission and where both UE1 and UE2 received uplink grants from the eNodeB and perform channel assessment in subframe #n-1. UE1 and UE2 are multiplexed in a MU-MIMO way, i.e., the indicated PUSCH PRBs are the same. UE1 and UE2 perform the narrowband channel assessment in UE-specific disjoint subsets of the PUCSH PRBs to check the channel status by comparing the received energy with a narrow band channel assessment threshold. 


Figure 2. Example of UE1 and UE2 performing narrowband channel assessment to support UL MU-MIMO between UE1 and UE2.
Observation 2: MU-MIMO can be supported by:
· Upon sensing the wideband channel as busy, a narrowband channel assessment is performed in a subset of the PUSCH PRBs indicated by the uplink grant to derive the CCA outcome.
The narrowband channel assessment in a UE-specific subset of the PUSCH resource allows the UE to sense the channel as idle even there are other UE multiplexed in the same PUSCH resource. 
Indication of a subset of the PUSCH PRBs
The UE-specific subset information could be indicated by reusing the information field in the uplink grant for DMRS cyclic shift, i.e., the field “Cyclic shift for DM RS and OCC index” [3]. It causes no additional overhead to reuse the information field in the uplink grant for DMRS cyclic shift to indicate the subset information. One way could be that one state of the field is associated with one subset. Hence, the subsets could be made disjoint. Different levels of subset information could be supported, e.g., one state indicates to use 100% of the PRBs in the PUSCH resource, and one other state indicates to use 50% of the PRBs in the PUSCH resource, which would allow dynamic support of SU-MIMO and MU-MIMO switch.
One specific mapping is given in Table 1, where the subset information (x, y) means that the PUSCH PRBs are divided into x subsets with index from 1 to x, and subset y is the indicated subset. The PRB indices for each subset y could be predefined by some rule and preferably the x subsets should be of equal size. In the example up to 4 MU-MIMO UEs can be multiplexed.









Table 1. Mapping of Cyclic Shift Field in uplink-related DCI format to the PUSCH PRB subset indices.
	Cyclic Shift Field in uplink-related DCI format
	 Subset indices 

	000
	(1,1)

	001
	(2,1)

	010
	(2,2)

	011
	(4,1)

	100
	(4,2)

	101
	(4,3)

	110
	(4,4)

	111
	Reserved


Reservation signal transmission
For a category 4 LBT scheme, the CCA completion may not align with the start of the subframe for PUSCH transmission. In that case, two options could be considered:   
· The UE defers PUSCH transmission
The UE continues the CCA for at least one defer duration and if the channel is still free, it transmits PUSCH at the start of the subframe. The drawback of this is that the channel may be taken by other nodes more frequently, leaving LTE UEs with comparatively lower channel access probability.
· The UE transmits a reservation signal
The reservation signal helps holding the channel until the PUSCH transmission may start. Uplink reservation signals should not be left for proprietary UE implementation and have to be specified. If the duration is an integer number of SC-FDMA symbols, some form of DMRS could be utilized as reservation signal. If the duration is less than an SC-FDMA symbol, significant out-of-band emissions may occur and a cyclic extension of the succeeding SC-FDMA symbol (e.g., DMRS or PUSCH) could be used in order to meet the out-of-band emission requirements [4].  
 
Narrowband channel assessment is applicable in conjunction with reservation signal transmission.
Transmission of reservation signals in the PUSCH resources
Consider Figure 3, where once UE1 senses the channel as idle, it starts transmission of reservation signals in its PUSCH PRBs until the subframe boundary of subframe #n. UE2 performs the narrowband channel assessment in the PRBs allocated for its PUSCH, where there is no power from UE1’s reservation signal and UE3’s PUSCH.  
Transmission of reservation signals in a subset of the PUSCH resource
Consider Figure 4, where once UE1 senses the channel as idle, it starts transmission of reservation signals in a subset of the PUSCH PRBs until the subframe boundary of subframe #n, i.e., in the same PRBs as the where the UE1 narrowband channel assessment is performed.
It shall be noted that the way to support MU-MIMO applies also for FDM. In this way the eNB can dynamically schedule UEs by FDM or MU-MIMO while the UE is not aware of it. Therefore the transparent support of uplink MU-MIMO at the UE side is enabled as in Rel-13.  


Figure 3. Example of UE1 and UE2 performing narrowband channel assessment and transmission of reservation signal on the respective PUSCH resources.



Figure 4. Example of UE1 and UE2 performing narrowband channel assessment and transmission of reservation signal on the respective PUSCH resources.
Observation 3: For the category 4 LBT scheme:
· Reservation signals transmitted until the subframe boundary for PUSCH are beneficial for improving the channel access for LAA.
· If transmission of reservation signals is supported, the reservation signals should be specified.
· Reservation signals are applicable for narrowband channel assessment schemes. 
Conclusions
A narrowband channel assessment helps the LTE UE to identify the case where there are LTE devices transmitting while there are no WiFi devices transmitting, which allows UE multiplexing in uplink by FDM or MU-MIMO. The PRBs used for narrowband channel assessment could be the entire set or a UE-specific subset of the allocated PUSCH PRBs.
Proposal 1: To support uplink UE multiplexing by FDM and MU-MIMO, uplink LBT is performed as:
· Perform (wideband) channel assessment over the whole carrier bandwidth.
· If this results in that the channel is busy, perform (narrowband) channel assessment in the entire set or a UE-specific subset of the assigned PUSCH PRBs to derive the channel assessment outcome.
Proposal 2: The UE-specific subset information is indicated by the information field in the uplink grant for DMRS cyclic shift.
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