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1 Introduction

The LAA frame structure for DL and UL transmission operation is discussed in [1] and the possible combinations of self-carrier/cross-carrier scheduling for a LAA CC DL/UL transmission are analyzed in [2]. In this contribution, the DL control channel, PDCCH and EPDCCH for LAA system will be analyzed.
2 Discussions on (E)PDCCH scheduling in LAA
In the current specification, (E)PDCCH is used to inform the UE of the assignments for PDSCH and PUSCH transmission. The PDCCH locates in the first n OFDM symbols where n ( 4 and occupies the whole DL bandwidth. For EPDCCH, the beginning varies from the 1st to 4th OFDM symbol and the transmission continues to the end of a subframe while spans part of the bandwidth in the frequency domain. 
Due to the discontinuous transmission in LAA, partial subframe and normal subframe should be considered for PDSCH transmission [2]
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[3]. For the normal subframe scheduling, both PDCCH and  EPDCCH scheduling could be reused as usual. For the partial subframe scheduling, the data transmission is proposed to be scheduled by one individual DCI [3]. The PDCCH and EPDCCH scheduling for the PDSCH transmission of the partial subframe in LAA will be discussed respectively in the following sections.
2.1 PDCCH scheduling for the partial subframe

The partial subframes can be scheduled by the PDCCH in the current subframe or the following subframe.

If the PDSCH in the partial subframe is scheduled by the PDCCH in the current subframe, the PDCCH and PDSCH mapping rule could have two options. As per the analysis in [2], self-carrier scheduling is assumed in this case.
Option1: The PDCCH is transmitted before PDSCH of the same subframe, as described in the left of Fig.1. Option2: The PDCCH is transmitted at the last n OFDM symbols of the same subframe, as shown in the right of Fig.1.  
The number of OFDM symbols for PDCCH transmission ( n) is assumed to be 2 in the figure and three possible candidate starting position in the partial subframe are shown as an example.
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Fig. 1. PDCCH is in the current partial subframe 
In option1 when PDCCH is transmitted before PDSCH, the UE processing of the current PDCCH and PDSCH could be reused. However, the UE needs to blindly detect the start position of PDCCH since it varies with the channel access opportunity. In [3], the starting points are proposed to be within {0, 2, 3, 4, 5, 8} to reuse the DwPTS design in the partial subframe. With this starting point restriction the UE blind detecting complexity could be reduced. However, the UE still needs to blindly detect the PDCCH at each candidate position. As a result, the UE blind decoding efforts for PDCCH would be increased compared to the current LTE structure. To decrease the UE blind detecting efforts, it is possible for the UE to decide the starting of PDCCH through initial signal detection if the initial signal detection costs less effort than the PDCCH blind detection. Or an explicit indication located on a fixed position could be used to inform the UE(s) about the starting symbol of the partial subframe. For example, the indication could be transmitted in the next subframe on PCell or the LAA SCell, which is similar to option3 in this section.
In summary, when PDCCH is transmitted before PDSCH of the same subframe, the UE blind detecting complexity would be high if there is no efficient initial signal or explicit indication for the PDCCH starting position.
In option2 when PDCCH is transmitted at fixed OFDM symbol in the end of the partial subframe, the UE needs not to blindly detect the PDCCH location since it is fixed and the number of OFDM symbols for control can be pre-configured. In the current operation, the UE gets the PDCCH indication before the PDSCH and begins to demodulate the corresponding PDSCH after it is buffered at the end of a subframe. For option 2, the UE has to buffer all the data received in the partial subframe until the PDCCH is detected and the corresponding PDSCH is finally demodulated. Therefore, some additional buffer may be required due to the operation on the PDCCH/PDSCH is a little delayed comparing with the current mechanism. The required PDSCH storage for the partial subframe may be less than for a normal subframe. As a result, the UE buffer requirements would be increased to some extent. Besides, supporting PDCCH indicates earlier PDSCH transmission needs additional specification efforts.
In summary, when PDCCH is transmitted at the last fixed OFDM symbols of the same subframe, the UE blind detecting complexity could be low. The UE buffer requirements would be increased to some extent. Additional specification efforts are needed to support the PDCCH indicates earlier PDSCH transmission. 
If the PDSCH in the partial subframe is scheduled by the PDCCH in the following subframe, both cross-carrier and self-carrier scheduling can be used as discussed in [2]. The case of self-carrier scheduling is shown in the Fig.2. 
Option3: The PDCCH is transmitted in the normal subframe following the partial subframe, as described in Fig.2


[image: image2.emf]PDCCH

PDCCH

PDCCH

Normal 

subframe

Partial 

subframe


Fig. 2. PDCCH is in the following normal subframe

With the fixed PDCCH location, the UE blind detecting complexity could be low.  Since the operation on the PDCCH/PDSCH for the partial subframe is a little more delayed than option 2, further additional buffer may be required. Even so, the additional delay and buffer may not be critical. Besides, additional specification efforts are also needed to support PDCCH indicates the PDSCH transmission in an earlier subframe.
In summary, when PDCCH is transmitted in the normal subframe following the partial subframe, the UE blind detecting complexity could be low. The UE buffer requirement would be increased to some extent. Additional specification efforts are needed to support the PDCCH indicates the PDSCH transmission in an earlier subframe. 
Moreover, the PDCCH error detection probability for option 1 would be increased compared to option2 and 3 where PDSCH is transmitted before PDCCH. The reason is the PDCCH may encounter a larger interference due to the LBT contention mechanism. Some other equipment(s) may happen to start transmission simultaneously with the eNB after LBT detection. Then the PDCCH would be seriously interfered since it is transmitted in 1~3 OFDM symbol(s). The transmission burst from the other equipment(s) may be finished after a while. As a result, the PDCCH in the option2 and option3 may escape from the interference caused by the LBT collision.
In summary, transmitting PDCCH later in the transmission burst (option2, 3) may decrease the PDCCH error detection probability. 
2.2 EPDCCH scheduling for the partial subframe
It is stated in [4] that the Occupied Channel Bandwidth shall be between 80 % and 100 % of the declared Nominal Channel Bandwidth. Since the EPDCCH usually spans part of the bandwidth in the frequency domain, only when the bandwidth occupied by the EPDCCH and PDSCH is over 80% of the declared Nominal Channel Bandwidth the regulation requirements could be satisfied. When there is only EPDCCH transmission for UL grants, more resources need to be allocated to the EPDCCH in the frequency domain in order to satisfy the minimal occupied channel bandwidth requirements. On the contrary, since the EPDCCH is mapped to multiple OFDM symbols, it is more robust to the possible short-term interference.
In summary, the EPDCCH is more robust to the short-term interference. However, EPDCCH overhead would be large in order to meet minimum bandwidth occupancy requirements when there is only EPDCCH transmission for UL grants.
There are two options for the EPDCCH to schedule the transmission in the partial subframe. One is that the partial subframes is scheduled by the EPDCCH in the current subframe and the other is the PDSCH in the partial subframe is scheduled by the EPDCCH in the next subframe .

Option1: both the EPDCCH and PDSCH are transmitted in the partial subframe, as depicted in fig.3. 
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Fig. 3. EPDCCH is in the current partial subframe 
When both the EPDCCH and PDSCH are transmitted in the partial subframe, similar to option 1 in the previous section, the UE blind detection complexity would be largely increased since the UE has to perform EPDDCH blind detection for each candidate starting position assumption after the last OFDM symbol in the partial subframe is received. Initial signal detection or explicit indication for the EPDDCH starting position could be used to avoid the blind detection complexity increasing. 

In current LTE considering EPDCCH based PDSCH scheduling; the UE has the capability to buffer the EPDCCH in all OFDM symbols and then can decode the EPDCCH. Furthermore, during the time when the UE is decoding the EPDCCH and the following PDSCH scheduled by the EPDCCH, the UE needs to continue buffer the OFDM symbols in the next subframe, until the previous decoding is finished. If there is no initial signal or the explicit indication of the starting position, the increased EPDCCH decoding complexity would delay the EPDCCH detection and the corresponding PDSCH demodulation operation and the UE buffer requirements may be a little increased. The required EPDCCH and PDSCH storage for the partial subframe may be less than for a normal subframe. As a result, the UE buffer requirements would be increased to some extent.
In summary, when both the EPDCCH and PDSCH are transmitted in the partial subframe, the UE blind detecting complexity would be high if there is no efficient initial signal or explicit indication for the EPDCCH starting position. The UE buffer requirement would be increased to some extent.
If the PDSCH in the partial subframe is scheduled by the EPDCCH in the following subframe, both cross-carrier and self-carrier scheduling can be used as discussed in [2]. The case of self-carrier scheduling is shown in the Fig.4.

Option2: The EPDCCH is transmitted in the normal subframe following the partial subframe, as depicted in fig.4
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Fig. 4. EPDCCH is in the following normal subframe

As for the case that EPDCCH for the partial subframe scheduling is transmitted in the following normal subframe, the UE buffer requirements would be further increased because the UE could only decode the EPDCCH for the partial subframe until the end of the next subframe. The data received in the partial subframe and the normal subframe should be totally stored before the EPDCCH for partial subframe is decoded. Moreover, the data storage should be kept until the EPDCCH received in the normal subframe is decoded and the possible PDSCH for the UE is demodulated. The UE blind detection complexity may not be increased since the resources for EPDCCH mapping is preconfigured.

In summary, when EPDCCH for the partial subframe is transmitted in the normal subframe following the partial subframe, the UE blind detecting complexity could be low. The UE buffer requirements may be largely increased. 
As a result, the PDCCH and EPDCCH scheduling for the partial subframe is summarized in the Table.1 below.
Table 1. PDCCH and EPDCCH scheduling for the partial subframe
	
	Pros
	Cons

	PDCCH
	Option1: before PDSCH in the partial subframe
	Current PDCCH and PDSCH handling mechanism could be reused
	· UE blind detecting complexity would be high if there is no initial signal transmitted or explicit indication for the PDCCH starting position
· The PDCCH may be interfered due to the LBT contention mechanism

	
	Option2: the last n OFDM symbols of the partial subframe
	· UE blind detecting complexity could be low. 
· Interference caused by the LBT contention mechanism could be decreased.
	· Additional specification efforts are needed to support the PDCCH indicates earlier PDSCH transmission.
· UE buffer requirements may be increased to some extent

	
	Option3: in the normal subframe following the partial subframe
	· UE blind detecting complexity could be low. 
· Interference caused by the LBT contention mechanism could be decreased.
	· Additional specification efforts are needed to support the PDCCH indicates the PDSCH transmission in an earlier subframe.

· UE buffer requirements may be increased to some extent.

	EPDCCH
	Option1: in the current partial subframe
	· Error detection performance is robust to short-term interference. 
	· EPDCCH overhead would be large in order to meet minimum bandwidth occupancy requirements when there is only EPDCCH transmission for UL grants 
· UE blind detecting complexity would be high if there is no initial signal transmitted or explicit indication for the EPDCCH starting position.
·  UE buffer requirements may be increased 

	
	Option2: in the normal subframe following the partial subframe
	· UE blind detecting complexity could be low.
· Error detection performance is robust to short-term interference.
· Interference caused by the LBT contention mechanism could be decreased.
	· EPDCCH overhead would be large in order to meet minimum bandwidth occupancy requirements when there is only EPDCCH transmission for UL grants 
· UE buffer requirements may be largely increased.


It is observed that PDCCH and EPDCCH each have advantages and disadvantages for the scheduling of partial subframe in LAA. Therefore, both PDCCH and EPDCCH should be considered for the LAA design.
Proposal 1: Both PDCCH and EPDCCH should be considered for the LAA design.
3 Conclusion
In this contribution, the DL control channel (PDCCH and EPDCCH) for LAA system is analyzed. Based on the discussion, it is proposed that both PDCCH and EPDCCH should be considered for the LAA design.

Proposal 1: Both PDCCH and EPDCCH should be considered for the LAA design.
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