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1 Introduction
In RAN1 #84 meeting, the following agreements and working assumption on downlink design were made [1]:
Agreement:
· Following design assumptions are considered:

· No shortened TTI spans over subframe boundary

· At least for SIBs and paging, PDCCH and legacy PDSCH are used for scheduling

· The potential specific impacts for the followings are studied 

· UE is expected to receive a sPDSCH at least for downlink unicast 

· sPDSCH refers PDSCH carrying data in a short TTI

· UE is expected to receive PDSCH for downlink unicast

· FFS whether a UE is expected to receive both sPDSCH and PDSCH for downlink unicast simultaneously

· FFS: The number of supported short TTIs

· If the number of supported short TTIs is more than one,

· The length of short TTI can be variable
· FFS whether a UE is expected to receive sPDSCHs with different lengths simultaneously

· FFS how to change the length of short TTI for sPDSCH e.g., semi-static vs dynamic, cell-specific vs UE-specific, explicit vs implicit
· TTI length for DL and UL can be different 
· Following design assumptions are used for the study
· From eNB perspective, existing non-sTTI and sTTI can be FDMed in the same subframe in the same carrier

· FFS: Other multiplexing method(s) with existing non-sTTI for UE supporting latency reduction features
This contribution discusses the downlink control channels for short TTI, namely SPDCCH and SPHICH.
2 Scheduling with short TTIs
To fully ensure backward compatibility, it is agreed that existing non-sTTI and sTTI can be FDMed in the same subframe in the same carrier. For further consideration, PRBs for sTTI can be semi-statically configured by SIB or RRC signalling. And length of sTTI could be fixed or semi-static configured by SIB. If length of sTTI is dynamically indicated by DCI, this would increase complexity of timing relations and processing.
There could be three options in DCI resource allocation for scheduling in short TTI.
· Option 1: The scheduling for short-TTI PDSCH is carried by the DCI in legacy PDCCH region. This can results in higher resource efficiency and better backward compatibility. But the scheduling latency for the PDSCH not in the first sTTI of subframe will reach the maximum potentials of latency reduction provided by TTI shortening. 
· Option 2: The scheduling for short-TTI PDSCH is carried by the DCI in new SPDCCH region, where SPDCCH is the physical downlink control channel for short TTI and each SPDCCH region occupies the resources only within one short TTI. If every short TTI available to PDSCH has SPDCCH region, scheduling delay can be minimized. No cross-TTI scheduling is needed. If both legacy PDCCH region and SPDCCH region are in the first short TTI that is available to PDSCH per subframe, resource overhead could be high.
· Option 3: The DCI to schedule the short-TTI PDSCH can be in either new SPDCCH region or legacy PDCCH region, depending on which TTI the scheduled PDSCH falls into. If the scheduled PDSCH start the first short TTI that is available to PDSCH in the subframe, the scheduling DCI can be inside legacy PDCCH region. Otherwise, scheduling DCI is carried by the new SPDCCH region sharing the same short TTI with the scheduled PDSCH. As shown in Figure 1(a) for 0.5ms TTI and Figure 1(b) for 4 or 3-symbol TTI, PDSCH in the first TTI of a subframe is scheduled by DCI in legacy PDCCH region. And PDSCH in the other TTIs of a subframe is scheduled by DCI in SPDCCH. In case the TTI length is less than 3 symbol, the first one TTI or even the first several TTIs may be fully occupied by legacy PDCCH and not available to PDSCH. For the scheduled PDSCH in the first short TTI that is available to PDSCH allocation, its scheduling DCI can be either in legacy PDCCH region to maintain resource efficiency or in new SPDCCH region in the same short TTI to achieve the smallest scheduling latency. Maintain resource efficiency is better. For the scheduled PDSCH in the other short TTIs that are available to PDSCH allocation, its scheduling DCI is in new SPDCCH region of the same short TTI to minimize scheduling delay. Compared to option 2, option 3 has almost the same scheduling delay but with the better resource efficiency in the first TTI available to PDSCH per subframe.
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(a) 0.5ms TTI                                                      (b) 4 or 3-symbols TTI
Figure 1 Scheduling (s)PDSCH with short TTIs
Observation 1: Cross-TTI scheduling may not be able to achieve the maximum potentials of latency reduction provided by TTI shortening.
Observation 2: From viewpoints of both resource utilization efficiency and scheduling latency, it is beneficial to have the scheduling DCI carried in legacy PDCCH region if the scheduled PDSCH falls inside the first available short TTI of a subframe. Otherwise, scheduling DCI is carried in the new SPDCCH region sharing the same short TTI with the scheduled PDSCH.  
Proposal 1: Both legacy PDCCH and SPDCCH can be used to schedule PDSCH in the short TTI. At least legacy PDCCH can be used to carry DCI that schedules PDSCH in the first short TTI of a subframe.
3 SPDCCH design consideration
3.1 Multiplexing between SPDCCH and PDSCH in short TTITwo options which are shown in Figure 1 for multiplexing between SPDCCH and PDSCH can be:

· SPDCCH region and PDSCH region in the short TTI are in time-division. For example, in a short TTI without legacy PDCCH, the first OFDM symbol is SPDCCH region and the other OFDM symbols are used for PDSCH. In such TDM scheme, the principle of legacy PDCCH structure including the concepts of REG/CCE can be reused for SPDCCH.
· SPDCCH region and PDSCH region in the short TTI are in frequency-division. In such FDM scheme, the design principle for EPDCCH including concepts of EREG/ECCE may be reused. 
TDM scheme has the advantage of earlier DCI detection compared to FDM scheme. However, if short TTI contains fewer OFDM symbols, there is no significant difference on processing latency between the two schemes. On the other hand, FDM scheme could be more flexible in the tuning of SPDCCH overhead. This is proven by EPDCCH scheme which have better resource granularity. Larger overhead can increase the transmission delay due to less resource available to PDSCH.
Proposal 2: Both processing latency and resource overhead should be taken into account for multiplexing between SPDCCH and PDSCH in short TTI.
Combination above two options, we are preferable that SPDCCH could be configured with some short PRBs in the first or first few OFDM symbols in short TTI. Therefore processing latency and resource overhead could be both addressed. As shown in Figure 2, SPDCCH with distributed short PRBs in the first OFDM symbols in one short TTI are used for sPDSCH scheduling in the same short TTI. Distributed short PRBs in the first OFDM symbols in one short TTI are shown in [2] for purpose of evaluation.
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Figure 2 SPDCCH in sTTIs
Proposal 3: SPDCCH could be configured with some short PRBs in the first or first few OFDM symbols in short TTI.
3.2 SPDCCH Multiplexing inside search spaceIn SPDCCH search space, multiple SPDCCHs can be multiplexed. The blind detection is then needed at the receiver. Another alternative is that the SPDCCH search space is only for DL grant of one UE and different UEs use different SPDCCH search space in a short TTI. In the second alternative, blind detection is simplified and processing delay can be reduced. However, more resources for non-shared SPDCCH including UL grant need to be predefined and result in low throughput for short TTI, which in reduce the benefit of the processing time reduction. Thus, multiple SPDCCHs should be allowed to share SPDCCH search space.
Proposal 4: Multiple SPDCCHs should be allowed to share SPDCCH search space.
3.3 Blind detection for sTTI UEBlind detection mechanism for SPDCCH in short TTI is expected similar to legacy PDCCH blind detection in a subframe. If maximum number of blind detection per short TTI is the roughly the same across different TTIs and equal to that of legacy PDCCH, blind detection complexity would linearly increase with number of short TTIs in a subframe. This will be too much high number of detection per 1ms for a UE. Significant reduction on this example of maximum number of blind detection in each TTI should be done in order to limit the increase of processing delay caused by blind detection. Consequently, the number of candidates and aggregation levels for sTTI UE should be reduced according to length of short TTI. Take UE-specific search space of legacy PDCCH as example, aggregation level 1, 2, 4, 8 CCEs with 16 candidates would bring 32 blind decoding attempts. If 2 sTTIs and each with 7 OFDM symbols are defined in one subframe, half candidates could be reserved. If 7 sTTIs and each with 2 OFDM symbols are defined in one subframe, about 2 candidates could be reserved and 1 or 2 aggregation levels could be reserved. Consideration different aggregation levels could be used depend on different coverage or channel conditions, so one or two aggregation level(s) with predefined number of candidates could be configured for UE in order to reduce maximum number of blind detection.
Proposal 5: Number of aggregation levels and candidates in search space for sTTI UE should be limited. Aggregation level(s) could be configurable for an UE.
3.4 Resource allocation for SPDSCH
Resource allocation for SPDSCH could be restricted in sTTI band which is semi-static configured by SIB or RRC signalling. As SPDCCH might use partials short PRBs in first or first few OFDM symbols in the same sTTI, rate matching of SPDSCH in allocated PRBs should avoid resource occupied by SPDCCH or search space. In order to reduce overhead of resource allocation for SPDSCH, partials or whole resource allocation for SPDSCH could be implicitly obtained by SPDCCH locations in search space. As shown in Figure 3, PRBs for SPDSCH could be implicitly obtained by SPDCCH locations in search space and PRBs for SPDCCH in search space are bounded with SPDSCH resource allocation taken into account. In Figure 3 (a), one search space is configured for UE and rate matching of SPDSCH in allocated PRBs should avoid resource for by search space which  candidates might include UL grant. While in Figure 3(b), one search space only for DL grant and another one for UL grant/DL ACK/NACK are configured for UE and rate matching of SPDSCH in allocated PRBs should avoid resource occupied by its own SPDCCH since search space for UL grant/DL ACK/NACK are FDMed with SPDSCH in the same or different sTTI bands. 
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Figure 3 SPDCCH in sTTIs
Proposal 6: Resource allocation for SPDSCH could be restricted in sTTI sub-band. To further achieve overhead reduction of resource allocation, partials or whole resource allocation for SPDSCH could be implicitly obtained by SPDCCH locations.

4 Discussion on requirement of SPHICH
In general, UL HARQ should be supported regardless whether dedicated ACK/NACK channel is introduced or not. As an example in Rel-13 eMTC, the ACK/NACK feedback for UL HARQ can be carried by downlink control channel with HARQ process number introduced in UL grant, so no new PHICH channel is introduced. But for short TTI, latency reduction is the main design target and synchronous HARQ should be first taken into account. Asynchronous HARQ with the similar mechanism to Rel-13 eMTC that relies on UL grant to carry ACK/NACK information would require more SPDCCH resources. This would increase the chance of SPDCCH blocking because the total SPDCCH resource is limited. For the blocked SPDCCH carrying either DL or UL grant only or the ACK/NACK information for UL HARQ, the additional transmission delay can occur. 
Further taking account the TTI length, if length of short TTI is invariable and TTI length for DL and UL are same, synchronous HARQ can be easily supported with fewer consumed resources. The transmission latency can be reduced more effectively compared to not using SPHICH and SPHICH should be introduced for short TTI. And legacy PHICH shall also be used to carry ACK/NACK feedback for corresponding SPUSCH in order to achieve synchronous HARQ. While if length of short TTI is variable and TTI length for DL and UL can be different, this would be difficult for synchronous HARQ implement and asynchronous HARQ relies on UL grant could be used.
Proposal 7: If length of short TTI is static and TTI length for DL and UL are same, SPHICH could be introduced for short TTI in order to support synchronous UL HARQ. Otherwise asynchronous HARQ relying on UL grant could be used.
5 Conclusion

According to the analysis given above, we have the following observations and proposals:
Observation 1: Cross-TTI scheduling may not be able to achieve the maximum potentials of latency reduction provided by TTI shortening.

Observation 2: From viewpoints of both resource utilization efficiency and scheduling latency, it is beneficial to have the scheduling DCI carried in legacy PDCCH region if the scheduled PDSCH falls inside the first available short TTI of a subframe. Otherwise, scheduling DCI is carried in the new SPDCCH region sharing the same short TTI with the scheduled PDSCH.     

Proposal 1: Both legacy PDCCH and SPDCCH can be used to schedule PDSCH in the short TTI. At least legacy PDCCH can be used to carry DCI that schedules PDSCH in the first short TTI of a subframe.
Proposal 2: Both processing latency and resource overhead should be taken into account for multiplexing between SPDCCH and PDSCH in short TTI.
Proposal 3: SPDCCH could be configured with some short PRBs in the first or first few OFDM symbols in short TTI.
Proposal 4: Multiple SPDCCHs should be allowed to share SPDCCH search space.
Proposal 5: Number of aggregation levels and candidates in search space for sTTI UE should be limited. Aggregation level(s) could be configurable for an UE.
Proposal 6: Resource allocation for SPDSCH could be restricted in sTTI sub-band. To further achieve overhead reduction of resource allocation, partials or whole resource allocation for SPDSCH could be implicitly obtained by SPDCCH locations.
Proposal 7: If length of short TTI is static and TTI length for DL and UL are same, SPHICH could be introduced for short TTI in order to support synchronous UL HARQ. Otherwise asynchronous HARQ relying on UL grant could be used.
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