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  1 Introduction

A new study item [1] on Licensed Assisted Access for LTE (LAA-LTE) was agreed in RAN#65, which includes the objectives of identifying and evaluating physical layer options and enhancements to LTE to meet the design targets and requirements. 

In this document, we discuss some options for transmission of downlink subframes on LAA-LTE carriers considering impact of LBT. 
 2 Discussion

2.1 Shortening in subframes

In previous RAN1 meetings, Listen-before-talk (LBT) and discontinuous transmissions were identified as functionalities required to meet regulatory requirements in the context of a single global framework.

As agreed in last RAN1 meeting, LBT schemes can be classified into various categories based on backoff/contention window size. Example schemes include 802.11 DCF, and those described in EN BRAN documents. Each LBT scheme is slightly different than the other e.g. in slot size, backoff, and channel occupancy, etc.  

For LAA-LTE, Pcell is on a licensed carrier, and the unlicensed carrier is configured as a Scell. For downlink transmissions to a UE on the unlicensed carrier (Scell), an eNB has to perform LBT. An eNB may acquire the channel at an arbitrary time relative to the LTE subframe boundary because of random backoff within the contention window, and its choice of the LBT parameters. Due to channel occupancy rules, the eNB may also have to release the channel also at an arbitrary time relative to the LTE subframe boundary. 

Figure 1 shows an example illustration of several options for an eNB acquiring and releasing the channel. 

· A channel occupancy time of 4ms is assumed and the figure illustrates three successive channel releases by the eNB (to meet the channel occupancy requirements) for each case. 

· For case A, UE assumes that eNB transmissions can include a downlink transmission that is shortened in the front or in the back portion of a subframe, in addition to regular downlink subframes.

·  For case B, UE assumes that eNB transmissions can only include a downlink transmission that is shortened in the back portion of a subframe, in addition to regular downlink subframes.

· For case C, UE assumes that eNB transmissions can only include a downlink transmission that is shortened in the front portion of a subframe, in addition to regular downlink subframes.

· For all the cases, if the eNB acquires the channel in middle of a LTE symbol (OFDM symbol), it may have to transmit a reservation signal to hold the channel until at least the next LTE symbol boundary, from where it can transmit downlink LTE signals/channels. 
In the ad hoc meeting on LAA, the following was agreed on the shortened transmissions in a downlink subframe [4]:

· LAA supports transmitting PDSCH when not all OFDM symbols are available for transmission in a subframe according to LBT, also support delivering necessary control information for the PDSCH
· FFS starting/ending OFDM symbols of the PDSCH
While shortened transmission in subframes can be useful, it is also necessary to investigate the impact of shortening on LTE physical signals/channels. For instance, if it leaves only one or two useful OFDM symbols in a subframe, it might not be useful at all (no PDSCH/EPDCCH can be sent in that subframe). In this case, if the eNB wants to hold the channel, it may transmit reservation signal until the next LTE subframe boundary. 
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Figure 1. Illustration of front and back-shortened transmission in subframes for LTE operation on unlicensed carrier.
To enable efficient usage of resources, supporting both back and front shortening may be desirable. Also, there will be subframes with no shortening (i.e., regular subframes). For the most generic case, i.e., case A, from a UE perspective, for each subframe, the UE has to determine whether there is shortening and if so, which type. This will increase the UE complexity. Therefore, it is desirable to minimize the number of UE hypotheses of the shortened portion within the subframe. 

As illustrated in Figure 1, it is possible for an eNB implementation to adjust its downlink transmission burst such that it contains only regular downlink subframes (i.e. no shortening) and subframes with only one type of shortening (either front or back). The type of shortening that a UE is expected to receive can be configured via higher layers. Similarly the possible starting/ending symbol(s) for data/control can be configured by higher layers. The detailed design of these aspects can be handled during the WI phase. 

Proposal 1: It is desirable to reduce the number of UE hypotheses of the shortened portion within a DL subframe to two, i.e. regular DL subframe (no shortening), and one type of shortening (i.e. front or back).
In the following, we discuss the potential specification implications of front and back shortened transmissions in a subframe on the downlink.

2.1.1 Back-shortening in a subframe

When the back portion of a downlink transmission in a subframe is shortened,

· Assuming that the transmission duration matches the existing DwPTS durations (i.e., 3,6,9,10,11,12 OFDM symbols), 

· The last 2,3,4,5,8, or 11 symbols of the subframe can be used for LBT operation

· All downlink transmission modes (TM1-10) can be supported in the subframe using RS structures already defined for DwPTS

· Both PDCCH and EPDCCH can be supported without significant specification changes

· For demodulating PDCCH, the UE will have to use only the CRS present in that subframe. This will result in some performance degradation compared to Rel8/9/10/11/12, but as discussed in [3] (some results copied in Annex A for convenience) the performance is still good (e.g. better than EPDCCH at same aggregation level)

· For demodulating EPDCCH, the UE will have to use modified DMRS patterns (i.e., DMRS patterns used for special subframes for frame structure type 2), and performance of EPDCCH will be similar to that of EPDCCH received in DwPTS

· For values other than existing DwPTS durations (e.g. more than 11 symbols used for LBT), it is preferable to skip the subframe (unless new CRS/DMRS patterns and/or new DwPTS-like durations are introduced).

2.1.2 Front-shortening in a subframe

When the front portion of a downlink transmission in a subframe is shortened,

· Assuming that the first 1,2 or 3 symbols are used for LBT operation

·  TM10 (with EPDCCH based scheduling) can be supported with almost no specification changes 

· Up to first 5 symbols can be used for LBT assuming the existing DMRS patterns.

· TM1-9 can be supported with some specification changes (i.e., UE has to assume that CRS is not present in the first few symbols, and may require support of multiple EPDCCH starting symbols)

· PDCCH cannot be supported (unless specification changes are introduced to move the PDCCH to latter symbols e.g. PDCCH starts at the beginning of the second slot)

· For other values of front-shortened transmissions (e.g. more than 5 symbols used for LBT), it may be preferable to skip the subframe (unless new DMRS patterns are introduced).
2.2 Transmission Burst(s) and associated signalling
In RAN1#80bis, transmission bursts [5] and associated signalling (e.g. [6]) were discussed, and the following definitions of transmission bursts were considered.
· Each DL transmission burst is a continuous transmission from a DL transmitting node with no transmission immediately before or after from the same node on the same CC.

· 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.
For the discussion in this section, we consider “transmission” as transmission of any physical channel(s) or signal(s) that are defined in the specifications. i.e., if an eNB makes a transmission solely for the purpose of channel reservation, and if details of such transmission are not included in the specification (as we proposed in [7]), such transmissions are not considered part of the transmission burst.

From eNB perspective, the eNB determines the maximum duration (NDL_burst subframes) of the DL transmission burst, and allowed maximum duration (NUL_burst subframes) of any UL transmission burst(s) that it schedules, based on LBT or any other co-existence mechanism(s) that it implements. For example, if the eNB is operating on the same carrier as other Wi-Fi APs and it has knowledge of TXOP values used by those APs (e.g. the eNB has a Wi-Fi transceiver), it can choose its own TXOP value (TLAA-TXOP) for good co-existence with Wi-Fi APs, and choose the maximum burst durations such that duration of DL and/or UL transmission bursts is smaller than TLAA-TXOP.  If the eNB cannot decode Wi-Fi transmissions, then it at least needs to make sure that the burst durations are smaller than the maximum channel occupancy time (MCOT). We expect that eNBs will pick the maximum burst duration values semi-statically.
From a UE perspective, UE behaviour depends on the information made available to it. 
We first focus on DL-only operation and discuss some options below.

· Option 1 – UE is not given any information about transmission bursts. 
· UE monitors every non-DRX subframe of the LAA-Scell for (E)PDCCH. 
· If the UE is expected to receive shortened subframes, the UE monitors (E)PDCCH in every non-DRX subframe assuming multiple subframe formats. 
· For example, the UE can be configured by RRC to monitor two formats (full subframe and a front-shortened subframe beginning at a specific OFDM symbol). 
· The (E)PDCCH blind decoding (BD) split between subframe formats can be fixed in the specifications.
· For example, 80% BDs reserved for full subframe hypotheses and 20% reserved for shortened subframe hypotheses.
· Option 2 – UE is given information about maximum DL burst duration (NDL_burst) via higher layer signalling.

· UE initially monitors (E)PDCCH in every non-DRX subframe assuming multiple subframe formats.  If the UE successfully decodes (E)PDCCH assuming a shortened subframe format,  it can assume full subframe format for the next NDL_burst -1 subframes.
· Option 3 – UE is given information about maximum DL burst duration (NDL_burst) via a ‘preamble’ transmitted at the beginning of each DL burst.

· UE initially monitors each non DRX subframe only for the preamble transmission. If the UE successfully detects/decodes the preamble, it can assume full subframe format for the next NDL_burst -1 subframes. 

We consider Option 1 as the baseline option. Option 2 can provide some benefits over Option 1 with relatively simple additional signalling. Further study is needed to determine the benefits of Option 3 compared to Options 1 and 2 (e.g. amount of bits allowed by the payload of the preamble, reliability of the preamble transmission, etc.).

For DL+UL operation, we see the following options for indication of UL subframes
· Option A – UE monitors (E)PDCCH and upon detection of a UL grant, it determines the corresponding subframe(s) for UL PUSCH transmission based on the grant. 

· Option B – In addition to the procedure in option A, UE is provided with information about a set of subframes where UL transmissions are allowed (by the UE, or by other UEs)
· Option B1 – Information about the set of subframes where UL transmissions are allowed is provided by higher layers.
· Option B2 – Information about the set of subframes where UL transmissions are allowed is provided by a ‘preamble’ transmission on the physical layer.
We consider option A as the baseline option. Option B1 can considerably limit scheduler flexibility and efficiency especially if the UE has to perform LBT before transmitting in the allowed set of subframes. Option B2 provides more flexibility compared to Option B1 (the amount of flexibility depends on the allowed payload size of the preamble). 
Further study is needed to determine the benefits of Option B2 compared to the baseline option. For example, in [6] it was suggested that UE can sleep in the indicated set of UL subframes resulting in significant power savings. In our view, the UE may not be able to deactivate its Scell receiver for the indicated UL subframes (if it deactivates, the UE hardware may have to go through reactivation related procedures [8] which result in an activation delay). If the UE cannot deactivate its Scell receiver, the only power savings possible are due to the UE’s modem not performing control channel BDs in the indicated set of UL subframes. Further study is needed to determine the extent of possible power savings in subframes of an activated Scell without control channel decoding vs. subframes of an activated Scell with only control channel decoding.
Proposal 2: The following UE operation is considered as baseline. Further study is needed to determine the benefits of other enhancements over this baseline operation.
· For (E)PDCCH monitoring, if the UE is expected to receive shortened subframes on the downlink, the UE monitors (E)PDCCH in every non-DRX subframe assuming two subframe formats (i.e., one shortened format in addition to regular subframes). 

· The shortened format is configured by higher layers.
· For UL operation, upon detection of a UL grant, UE determines the corresponding subframe(s) for UL PUSCH transmission based on the grant. 

  3 Conclusions

In this document, we propose the following. 
Proposal 1: It is desirable to reduce the number of UE hypotheses of the shortened portion within a DL subframe to two, i.e. regular DL subframe (no shortening), and one type of shortening (i.e. front or back).

Proposal 2: The following UE operation is considered as baseline. Further study is needed to determine the benefits of other enhancements over this baseline operation.
· For (E)PDCCH monitoring, if the UE is expected to receive shortened subframes on the downlink, the UE monitors (E)PDCCH in every non-DRX subframe assuming two subframe formats (i.e., one shortened format in addition to regular subframes). 

· The shortened format is configured by higher layers.
· For UL operation, upon detection of a UL grant, UE determines the corresponding subframe(s) for UL PUSCH transmission based on the grant. 

Observation 1: For back-shortened transmissions in a downlink subframe, assuming that the transmission duration matches the existing DwPTS durations (i.e., 3,6,9,10,11,12 OFDM symbols), 

· The last 2,3,4,5,8, or 11 symbols of the subframe can be used for LBT operation

· All downlink transmission modes (TM1-10) can be supported in the subframe using RS structures already defined for DwPTS

· Both PDCCH and EPDCCH can be supported without significant specification changes

Observation 2: For front-shortened transmissions in a downlink subframe, assuming that the first 1,2 or 3 symbols are used for LBT operation,

· TM10 (with EPDCCH based scheduling) can be supported with almost no specification changes 

· TM1-9 can be supported with some specification changes (i.e., UE has to assume that CRS is not present in the first few symbols, and may require support of multiple EPDCCH starting symbols)

· PDCCH cannot be supported (unless specification changes are introduced to move the PDCCH to latter symbols e.g. PDCCH starts at the beginning of the second slot)
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Annex A (PDCCH vs EPDCCH comparison from [3])

Figure below compares the performance of distributed EPDCCH with random precoding with legacy PDCCH for different aggregation levels for 43bits DCI format 0/1A. For legacy PDCCH, the same structure as in Rel-8 is assumed (with 4 port CRS) and CRS only in the control region is used for demodulating the PDCCH thereby corresponding to the lower CRS overhead mode associated with MBSFN subframe configuration. The PDCCH performance can also be considered to represent what can be achieved by blanking some of the subframes as with using cell dormancy.  
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Figure 1: CSS: Legacy PDCCH v/s Distributed EPDCCH (random precoding), (E)CCE =  36REs, 4x2 FSTD, ETU5.

Table 1 summarizes the legacy PDCCH and distributed EPDCCH performance for DCI payload size of 43bits (0/1A) with 4/8 aggregation levels for PDCCH and 4/8/16 aggregation levels for EPDCCH at 1% BLER.

Table 1. Legacy PDCCH and distributed EPDCCH performance for DCI 0/1A (43 bits).

	Aggregation Level
	SINR requirement for 1% BLER (dB)

	
	Legacy 
PDCCH
	Distributed EPDCCH (random precoding)

	4
	-4.1
	-2.3

	8
	-6.6
	-4.4

	16
	--
	-6.5
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