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1. Introduction

In some regulatory domains such as Europe and Japan [2], LBT is required for a system operating in some unlicensed bands of interest to LAA (Licensed-Assisted Access). With LBT, an LAA eNB may need to start transmission in the middle of a subframe to grab the channel. Due to limit on the maximum transmission duration, an LAA eNB may also have to stop transmission in the middle of a subframe. 
At the LAA Ad Hoc meeting, the following agreement was reached:

Agreements:
· 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
In this contribution, we first analyze the throughput loss under different scenarios of using fractional subframes. Next we provide our views on the overview of LAA frame structure design. 


2. Throughput analysis under different scenarios of using fractional subframes
As pointed out in [4]

 REF _Ref410311607 \r \h 
[3], it is important to differentiate 3 types of LAA subframes as shown in figures 1, 2 and 3:
1. Type 1: transmission starting from somewhere after the beginning a subframe to  the end of the subframe;

2. Type 2: transmission starting from the beginning of a subframe to the end of the subframe

3. Type 3: transmission starting from the beginning of a subframe to somewhere before the end of the subframe.
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Figure 1 Type 1 LAA subframe
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Figure 2 Type 2 LAA subframe
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Figure 3 Type 3 LAA subframe
In TDD, a special subframe with a minimum of 5 OFDM symbols can be used for PDSCH. Here we assume for a Type 3 frame, also a minimum of 5 OFDM symbols is required for PDSCH. We consider multiple choices in designing Type 1 subframes. Essentially we need to achieve a balance between standardization effort and the benefit in system performance. 
In the throughput analysis, we need to make some assumptions on the usage of Type 1 and Type 3 subframes. 

In Rel-12, the DwPTS in special subframe configuration 7 with extended cyclic prefix can be used for PDSCH, and there are 5 OFDM symbols in that case.  In the throughput analysis, we assume if a Type 3 subframe has at least 5 OFDM symbols, then that subframe can be used for PDSCH. More details on Type 3 subframe structure can be found in our companion paper [5]. 
It is clear with the maximum transmission duration at 4 ms, if Type 1 subframes are not used for PDSCH, at the maximum transmission duration at 4 ms, we observe there is a loss about 10% of throughput against the case all the OFDM symbols after control overhead can be used for PDSCH. 

[image: image4.emf]Min OFDM symbols for PDSCH 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Total Tx duration: 4 ms 1 1 1 0.9984 0.9953 0.9907 0.9845 0.9767 0.9674 0.9566 0.9442 0.9302 0.9147 0.8977

Total Tx duration: 5 ms 1 1 1 0.9988 0.9963 0.9926 0.9877 0.9815 0.9742 0.9656 0.9557 0.9446 0.9323 0.9188

Total Tx duration: 6 ms 1 1 1 0.999 0.9969 0.9939 0.9898 0.9847 0.9786 0.9715 0.9633 0.9541 0.9439 0.9327

Total Tx duration: 7 ms 1 1 1 0.9991 0.9974 0.9948 0.9913 0.9869 0.9817 0.9756 0.9687 0.9608 0.9521 0.9426

Total Tx duration: 8 ms 1 1 1 0.9992 0.9977 0.9954 0.9924 0.9886 0.9841 0.9787 0.9727 0.9658 0.9582 0.9499

Total Tx duration: 9 ms 1 1 1 0.9993 0.998 0.996 0.9933 0.9899 0.9859 0.9811 0.9758 0.9697 0.963 0.9556

Total Tx duration: 10 ms 1 1 1 0.9994 0.9982 0.9964 0.994 0.9909 0.9873 0.9831 0.9782 0.9728 0.9667 0.9601


We have 
Proposal 1:  a fractional subframe in the beginning of DL transmission can be used for data transmission.

3. LAA design

LAA frame structure design

From the requirement stated in the LAA SI objective, it is natural to use the existing design as building blocks for the LAA design.
For Type 1 subframes, we can consider using either shifting a subframe (and cutting out a few symbols in the end) or truncating a subframe. We can refer to Figure 1 for the design from shifting a subframe, and figure 2 for the design from truncating a subframe. 
A Type 1 subframe starts with a reservation signal over a fractional OFDM symbol, which allows eNB to hold the channel. As the duration of the reservation signal can be long if the eNB grabs the channel at the beginning of an OFDM symbol, the reservation signal can be also used to help UE perform timing/frequency synchronization. In [8] , we give our considerations on the design of the reservation signal.

For Type 3 subframes, design for TDD special subframes can be reused. To support data transmission over a Type 3 subframe with 5 or  6 OFDM symbols, a new DMRS pattern can be considered. The details can be referred in [5].
In general, the control and data channel design can be based on CRS/PDCCH/CRS based transmission modes, or DMRS/EPDCCH/DMRS based transmission modes. One important design consideration in LAA should be there may not be any guaranteed transmission of reference signal(s), hence some signal, no matter what it is called, may be needed to provide help to some basic UE functions such as tracking timing/frequency. DMRS basically is useful to the UEs with PDSCH transmissions in a subframe in that regard, in contrast CRS is useful to all UEs, no matter whether they are scheduled. 
We have 

Proposal 2: both CRS and DMRS based transmission modes are supported in LAA. 

Control channel enhancement

We also propose to enhance the LTE control channel design to support LAA operations, note the enhancements can be in the form a new DCI format or a new physical channel, which is called Physical Burst Format Channel (PBFCH) in this contribution. Some information concerning the transmission in the current subframe and/or TXOP can be included in PBFCH, which include

· Indication of transmission duration of the current subframe, and

· Indication of transmission duration of the TXOP (in a Type 1 subframe), and potentially

· DL/UL subframe configuration and

· Configuration for CSI measurement and feedback

In section 6, we justify why the above listed control information may be necessary.

In [5], we review multiple solutions on how to convey the above listed control information, especially the indication of transmission duration, and more details can be found there.
eNB and UE behaviors in LAA 

 Depending on the assumption on eNB and UE behaviors in LAA, different choices need to be made for reservation signal, control channel design and data channel design. We provide our views on section 7.
4. Type 1 subframe design 

Type 1 subframe design based on time-shifting a subframe
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Figure 4 Design through time-shift
In figure 1, eNB transmits a reservation signal to grab the channel in symbol 2 of subframe n, subframe n is a Type 1 subframe. eNB transmits over all 14 symbols of subframe n+1, and subframe n+1 is a Type 2 subframe. eNB transmits over 13 symbols in subframe n+2 and subframe n+2 is a Type 3 subframe.

Note in subframe n, the RE patterns for data and reference signals starting from symbol 3 to symbol 13 are exactly the same as those for DwPTS in the TDD special subframe configuration 3; in another word they can be obtained by shifting the RE patterns of DwPTS in the TDD subframe configuration 3 by 2 symbols in the example. Of course, the time-shift amount depends on when the eNB grabs the channel.
In the figure, and PBFCH is shown to share the same OFDM symbol(s) as PDCCH and PCFICH in subframes n, n+1 and n+2. Actually PBFCH can be located at symbols different from those for PDCCH/PCFICH, especially in the Type 1 subframes. 
Depending on the AGC requirement on the UE side, it may be also desirable to have a design as shown in figure 5, where two OFDM symbols without RS are inserted between the reservation signal and the CRS residing symbol.
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Figure 5 Frame structure considering AGC
This design gives a UE more time to converge to the optimal AGC setting, and any damage to the first two symbols after the reservation signal won’t be catastrophic to the reception of the data transmission, as reference signal and control information are located on the first two symbols after the reservation signal.   
Type 1 subframe design based on truncating a subframe
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Figure 6 Design through truncation
In figure 6, we provide a design for Type 1 subframes  by truncating a normal subframe. Note in the figure, the PBFCH, PCFICH and PDCCH are located on symbol 7 in subframe n. In general it is desirable to reuse the design from LTE which has undergone extensive scrurtiny. And the CRS based control channels are located in the first slot in a subframe, and given the second slot has the same CRS patterns as the first slot, it seems reasonable to reuse the design which can be applied here.
In general, when Type 1 subframes are supported, eNB needs to work under different hypotheses in terms of scheduling and assembling of the Type 1 burst, as there is uncertanty when the eNB can grab the channel. Hence it is good to reduce number of hypotheses the eNB need to work under. In terms of Type 1 burst assembly, it seems changing the RE mapping order can help reduce eNB’s burden. In the LTE downlink, the PDSCH mapping takes a frequency first order, and in the time domain we have this order of filling REs at OFDM symbols:

[0123456 789ABCD].

 Now that we can start PDSCH from the second slot in a subframe, and when there are symbols available in the first slot the eNB map PDSCH in this order:
[DCBA987 0123456]

In the case some symbols are unavailable for PDSCH (say 4 symbols (marked by ”X”), then we have

[XXXX987 0123456]

In this way, eNB just needs to assembly a single Type 1 subframe assuming the order

[XCBA987 0123456]

and the number of unavailable symbols is more than 1, then some OFDM symbols are just cut at beginning. 

Scheduling of data transmission in a Type 1 subframe
When a Type 1 subframe carries data, there are multiple choices to use the data. Using the figure above as an example, the choices are

1. Self-scheduling. Data in subframe n is scheduled by a control channel in subframe n on the same cell. Obviously standardization work is needed to define the new control channels to make it work. The benefits of this design include HARQ-ACK timing can be maintained, no dependence on a licensed carrier, hence the design work has a local impact.

2. Treated as an integral part of the transmission which takes place in subframe n+1. A single DCI with PDCCH/EPDCCH in subframe n+1 is used to schedule data transmissions in subframe n and subframe n+1. And the TSB size is determined from the combined resource allocations from subframe n and subframe n+1. 

a. Drawback: the TBS size may be exceeded those defined in the current specification. 

b. When EPDCCH is used, the buffer requirement can be quite excessive. In the worst case a UE needs to buffer data for 27 OFDM symbols (13 symbols in subframe n and 14 symbols in subframe n+1) before processing.

3. Treated as an integral part of the transmission which takes place in subframe n+1. A single DCI with PDCCH/EPDCCH in subframe n+1 is used to schedule data transmissions in subframe n and subframe n+1. And the TSB size is determined from the resource allocations in subframe n+1 only, and a  new rate matching rule for  the transmission in subframe n, which provides just more soft bits to the transmission taking place in subframe n+1. 

a. When EPDCCH is used, the buffer requirement can be quite excessive. In the worst case a UE needs to buffer data for 27 OFDM symbols (13 symbols in subframe n and 14 symbols in subframe n+1) before processing.

4. Transmission in subframe n is pointed by a DCI with PDCCH/EPDCCH in subframe n+1. This scheme also requires excessive data buffer when EPDCCH is used in subframe n+1.

5. Cross carrier scheduling, e.g. from a licensed carrier

a. As there is uncertainty when eNB can hold channel on the unlicensed carrier, it seems a new control channel probably modified from EPDCCH is needed. Still the licensed carrier needs to reserve resources for the possibility the eNB may gets hold of the channel in a subframe, which is rather wasteful. Besides the standardization 

From the analysis above, we can see self-scheduling in the same subframe is preferred. We have 

Proposal 3: Data transmission in a Type 1 subframe can be scheduled from a control channel in the same  subframe in the same unlicensed carrier.

Observations from two design choices
If CRS based transmission modes are not supported in LAA, then it is possible to reduce the CRS density. For example, in a Type 2 subframe, CRS is located at symbol 0 only. But CRS is still needed for frequency/timing tracking, depending on the largest frequency offset between eNB and UE, CRS at symbols 0 and 4  or CRS at symbols 0 and 7 could be considered.


5. Type 2/3 subframe design
Design for Type 3 subframe can leverage the work from TDD special subframes. As a UE does not have a priori information on whether a subframe is Type 2 or Type 3, some information to indicate that is needed. More will be treated on this point in the next section and in [5].
6. Control information enhancements
LAA control channel design can be modeled after PDCCH and/or EPDCCH. As EPDCCH extends over more  OFDM symbols than PDCCH, one might perceive PDCCH is more vulnerable than EPDCCH to bursty interference. That of course depends on the underlying assumption on the duration of bursty interference. Further when friendly coexistence mechanisms with other LAA networks and WiFi are in place, the chance of suffering from rude interference out of nowhere may be small.  Furthermore, a LAA control channel design based on PDCCH may give a UE more processing time than that based on EPDCCH. From this, we do not see the need to make a binary decision between PDCCH and EPDCCH. And we have
Proposal 4: both PDCCH and EPDCCH are supported in LAA.

Due to discontinuous transmission from eNB, control information enhancements are necessary to UEs to allow them to perform PDSCH demodulation, CSI measurement and possible uplink transmission.
Transmission duration

In LAA, at minimum a UE needs to ascertain whether eNB is transmitting in a subframe or not. And in the case eNB transmits in a subframe, it needs to find out its subframe type. There is enough difference between Type 1 and Type 2/3, so UE should be able to tell the difference between Type 1 and {Type 2, Type 3}. It seems the indication of transmission duration of the current subframe (say the number of OFDM symbols in the current subframe) is useful in multiple ways:
1. It can be used to tell the difference between Type 2 (14 symbols) and Type 3(less than 14 symbols), multiple design choices are examined in [5].
2. In the truncation-based design for Type 1 subframes, the transmission duration is also needed for UE to know when the eNB transmits starts, as the reservation signal is not always transmitted (e.g. eNB grabs channel at an OFDM boundary) or may be reliable.

3. In a type 3 subframe, it is needed for PDSCH rate matching as the TBS scaling factor can be different according to the number of OFDM symbols

4. In a type 3 subframe, It is needed to determine the DMRS pattern as the DMRS pattern can be different according to the number of OFDM symbols

5. In a type 3 subframe, it is needed to determine whether CSI-RS is transmitted in the current subframe or not. If one follows the design for TDD special subframes, CSI-RS is not transmitted in a subframe with less than 14 OFDM symbols from eNB. 

WiFi uses virtual carrier sensing as one of its coexistence mechanism. Following the same design principle, it is also possible to embed the indication of transmission duration of TXOP or that of the remaining transmission duration of TXOP in the LAA control channel. For example, the transmission duration of TXOP can be embedded in the control channel of a Type 1 subframe. Note LAA nodes and potentially WiFi stations may read the transmission duration of TXOP. 
CSI measurement resources

As pointed out in [9][10], nominal periodic CSI measurement resources and aperiodic CSI measurement resources can be used for CSI measurements. As the reference signal patterns and the availability of reference signals themselves can be impacted by the time when an eNB grabs the channel, it may be useful to indicate whether CSI measurement resources exist in the current TXOP, and in the case they do where they are located (e.g. on what subframes). 


7. eNB and UE behaviors
Given the design considerations we have on subframe structures and control channel design, here we provide our views on the eNB and UE behavior. 
Using the design given in section 4.2 for Type 1 subframe, we can have the following procedure for a connected mode LAA UE for data channel reception:
· A UE attempts to detect CRS at Symbol 0 or Symbol 7 in a subframe:

· If CRS at Symbol 0 is detected, the UE detects control information contained in PDCCH starting from symbol 0, and the UE can also detect control information contained in EPDCCH starting from a fixed starting symbol to a fixed ending symbol. The starting and ending symbols can be preconfigured for the UE. 

· If CRS at Symbol 0 is not detected, then the UE attempts to detect CRS at symbol 7. If CRS at Symbol 7 is detected, then  the UE detects control information contained in “PDCCH” starting from symbol 7 (here “PDCCH” is a control channel similar to PDCCH except it starts from the second slot in a subframe rather than starts from the first slot in a subframe as for PDCCH). And the UE can also detect control information contained in EPDCCH starting from a fixed starting symbol to a fixed ending symbol. The starting and ending symbols can be preconfigured for the UE. 
· No matter where and how  the control information is carried (first slot vs second slot in a subframe as in PDCCH/”PDCCH”, or PDCCH/”PDCCH” vs EPDCCH), the control information allows the UE to determine transmit parameters relevant for PDSCH demodulation (starting symbol and ending symbol); it also provides information on the starting point of the current TXOP, so the UE may know when the reservation signal starts. Then the reservation signal can be used by the UE to better track timing/frequency with respect to eNB. It is clear in this design, the detection of reservation signal is an optimization rather than an absolutely necessary step in LAA reception; detection of the reservation signal does not have to be the very first step a UE needs to take for LAA reception.

· With the acquired control information, a UE performs PDSCH reception. The control information can indicate what OFDM symbols are used for PDSCH. To minimize the UE complexity especially that from blind detection, it is enough to achieve that through minimizing the candidates for control information reception.From the design provided in section 4.2, if control information is carried over PDCCH, there are only two locations in a subframe for a UE to check: i.e. either in the first slot or the second slot; but PDSCH can start from a number of OFDM symbols – far larger than 2. It is clear the linkage between the number of OFDM symbols used for EPDCCH and the number of OFDM symbols used for PDSCH is rather weak.
We have

Proposal 5: EPDCCH and PDSCH can occupy different numbers of OFDM symbols in the same subframe.
Proposal 6: detection of the LAA reservation signal is not prerequisite for LAA reception.


8. Conclusion
In this contribution, we provide our considerations on LAA frame structure design. And we have

Proposal 1:  a fractional subframe in the beginning of DL transmission can be used for data transmission.

Proposal 2: both CRS and DMRS based transmission modes are supported in LAA. 

Proposal 3: Data transmission in a Type 1 subframe can be scheduled from a control channel in the same  subframe in the same unlicensed carrier.

Proposal 4: both PDCCH and EPDCCH are supported in LAA.

Proposal 5: EPDCCH and PDSCH can occupy different numbers of OFDM symbols in the same subframe.
Proposal 6: detection of the LAA reservation signal is not prerequisite for LAA reception.
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