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1 Introduction

In the RAN#67 meeting, the Study Item on “Study on Latency reduction techniques for LTE” was approved [1]. For RAN1, TTI shortening and reduced processing times should be studied and documented:
· Assess specification impact and study feasibility and performance of TTI lengths between 0.5ms and one OFDM symbol, taking into account impact on reference signals and physical layer control signaling 

· backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier);

In [2], it is concluded that “By reducing the TTI length, the network can schedule the UE faster, which reduces the RTT. A reduction in RTT increases the TCP throughput. A reduction of TTI length may also increase the system capacity for small data transmission.”
In this contribution, we will focus on DL control signaling and UL control signaling enhancements for short TTI.
2 Discussion on DL control signaling enhancement
Downlink Control Information (DCI) includes downlink or uplink scheduling information for a UE or group of UEs. Currently, PDCCH and EPDCCH can be used to carry DCI. However, PDCCH and EPDCCH are designed to schedule packet data with 1ms TTI which is not suitable for short TTI, so control channel for short TTI needs to be enhanced. In this paper, 0.5ms TTI, 4 or 3-symbol TTI [3], 2-symbol TTI and 1-symbol TTI are considered. Note that enhanced PDCCH for short TTI is called as sPDCCH in this paper.
2.1 Control channel

Considering backwards compatibility, legacy PDCCH region always exists, so DCI for scheduling packet data in first sTTI (short TTI) of a subframe can be carried by legacy PDCCH, as shown in Figure 2 for 0.5ms TTI and Figure 3 for 4 or 3-symbol TTI.

Proposal 1: DCI for scheduling packet data in first sTTI of a subframe is carried by legacy PDCCH.
For other sTTIs, if legacy PDCCH is still used to carry their DCI, there are two possible drawbacks. First, transmission may be delayed. As shown in Figure 1, scheduling decision for a packet can be made after symbol k and before symbol n, but the packet has to be transmitted in symbol m since eNB can only schedule the packet by legacy PDCCH in subframe x+1. Second, retransmission may be delayed. As shown in Figure 1, ACK/NACK judging for a packet can be made after symbol k and before symbol i, but the packet has to be retransmitted in symbol j since eNB can only indicate retransmission of the packet by legacy PDCCH in subframe x+1. Therefore, for scheduling other sTTIs, PDCCH enhancements are needed, i.e. sPDCCH needs to be studied.
Proposal 2: DCI for scheduling packet data in other sTTIs of a subframe is carried by sPDCCH.
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Figure 1 scheduling by legacy PDCCH
There are two methods to design sPDCCH:

· Shared sPDCCH region

It means sPDCCH region is shared by group of UEs which is the same as legacy PDCCH region. To decode sPDCCH early, sPDCCH region can be configured in the front one or several symbols of each sTTI. Time- and frequency- resources for sPDCCH region can be configured via higher-layer signaling or physical layer signaling. Considering backwards compatibility, sPDCCH region should not occupy the PRBs for 1ms TTI. 
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Figure 2 Scheduling for 0.5ms TTI 

For 0.5ms TTI, as shown in Figure 2, shared sPDCCH region is only configured in second slot of a subframe. With this method, latency is optimized and standardization effort is small.

Observation 1: It is suitable to introduce shared sPDCCH region for 0.5ms TTI.
For 4 or 3-symbol TTI and 1 or 2-symbol TTI, shared sPDCCH region may lead to higher overhead. With this method, at least one symbol is reserved for sPDCCH region in each sTTI. Since it is hard to adjust the size of sPDCCH in a sTTI level, there will be some waste if the capacity of reserved sPDCCH region is larger than the required capacity. 
· Self-contained sPDCCH

It means a sPDCCH is always included in its scheduled sPDSCH (short PDSCH). As shown in Figure 3, no matter whether a sPDCCH is localized or distributed, the sPDCCH is always included in its scheduling sPDSCH. For example, with aggregation level 1 or 2, localized sPDCCH can be configured to achieve frequency selective scheduling gain; with aggregation level 4 or 8, distributed sPDCCH can be configured to achieve frequency diversity gain. 
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Figure 3 Scheduling for 4 or 3-symbol TTI
If there is no sPDSCH, self-contained sPDCCH cannot be configured. Therefore, how to carry UL Grant without sPDSCH needs further study.
Without considering UL Grant, there is almost no resource waste since no resource is reserved for a sPDCCH when there is no sPDSCH scheduled. Therefore, self-contained sPDCCH should be considered at for 4 or 3-symbol TTI and 1 or 2-symbol TTI.
Observation 2: Self-contained sPDCCH should be considered at for 4 or 3-symbol TTI and 1 or 2-symbol TTI.
2.2 DCI content
Most of DCI fields defined in the existing DCI formats can be kept, but some can be redefined to reduce the overhead. For example, since TTI is shortened and correspondingly occupied RBs will be increased, the size of RBG can be enlarged and the number of RA bits can be reduced.
2.3 Blind decoding

It is better to keep the maximum PDCCH blind decodes in a subframe the same as before to avoid additional UE capability requirement. Therefore, the maximum PDCCH blind decodes should be distributed in all sTTIs of a subframe. For example, for 0.5ms TTI, the size of UESS in first slot is reduced by half. In addition, extra signaling-assist BD reduction can also be considered.

Proposal 3: It is preferred to keep the number of maximum PDCCH BDs in a subframe for short TTI same as that for 1ms TTI.
3 Discussion on UL control signaling enhancement

Uplink Control Information (UCI) includes HARQ-ACK response, CSI and SRI, which can be carried by PUCCH. Currently, PUCCH supports multiple formats: PUCCH format 1, 1a, 1b, 2, 2a, 2b, 3, 4 and 5. For PUCCH format 1, 1a, 1b, 2, 2a, 2b and 3, each PUCCH consists of two 0.5ms RBs at two opposite edges of the system bandwidth. For PUCCH format 4 and 5, it is PUSCH-like structure which is introduced in eCA. 
However, the length of existing PUCCH is 1ms which is not suitable for latency reduction. In this section, we will discuss possible enhancements. Note that enhanced PUCCH for short TTI is called as sPUCCH in this paper.
· For 0.5ms TTI

For HARQ-ACK response and SRI, the structure of PUCCH format 1, 1a, 1b and 3 in each slot can be reused since each 0.5ms RB is self-decodable. However, current PUCCH is designed to exploit frequency diversity, so whether to improve current structure to achieve frequency diversity can be further considered. In FDD, as shown in Figure 4, if PDSCH is transmitted in sTTI i of subframe n, HARQ-ACK feedback for PDSCH will be in sTTI i of subframe n+2.
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Figure 4 HARQ timing for 0.5ms TTI (FDD)
For CSI, the structure of PUCCH format 2, 2a and 2b in each slot can be reused. However, the number of transmitted CSI bits will be reduced due to shortened PUCCH which means additional improvements are needed. 
Observation 3: For 0.5ms TTI, the structure of PUCCH format 1, 1a, 1b, 2, 2a, 2b and 3 in each slot can be reused.
· For 4 or 3-symbol TTI
Current PUCCH formats cannot be reused, so new PUCCH formats are needed. To match the DL TTI length and achieve the fast ACK/NACK feedback, PUCCH can be configured with the structure shown in Figure 5where the patterned symbols are used for DMRS, which is same as in 1ms TTI. 
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Figure 5 PUCCH structure with 4 or 3-symbol TTI
In FDD, as shown in Figure 6, if PDSCH is transmitted in sTTI i of subframe n, HARQ-ACK feedback for PDSCH will be in sTTI i of subframe n+1.
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Figure 6 HARQ timing for 4 or 3-symbol TTI (FDD)
For CSI, the structure of PUCCH in Figure 5 can be used. In addition, the number of transmitted CSI bits will be reduced due to shortened PUCCH.
· For 1 or 2-symbol TTI

Current PUCCH formats cannot be reused, so new PUCCH formats are needed. To match the DL TTI length and achieve the fast ACK/NACK feedback, 1 or 2-symbol PUCCH will be designed. HARQ-ACK or CSI embedded in the associated 1 or 2-symbol PUCCH will cost more standardization efforts, i.e. how to design RS with reasonable overhead, how to carry UCI and how to solve UL coverage issue will need more evaluations. 
If we assume UE and eNB processing time scales with the TTI length, ACK/NACK feedback should be 4*TTI delayed. However, in UL, SRS needs to be transmitted which may impact PUCCH-ACK transmission. Therefore, how to solve the collision issue between sPUCCH and SRS needs further study if 1 or 2-symbol PUCCH is supported.
Observation 4: For less than 0.5ms TTI, new PUCCH structures are needed.
4 Conclusion

Since TTI length is not nailed down, in this paper, we discuss DCI and UCI enhancements for different TTIs and give our observations and proposals.
For DCI enhancements, we propose:

Proposal 1: DCI for scheduling packet data in first sTTI of a subframe is carried by legacy PDCCH.
Proposal 2: DCI for scheduling packet data in other sTTIs of a subframe is carried by sPDCCH.
Two sPDCCH structures are discussed and we observe that

Observation 1: It is suitable to introduce shared sPDCCH region for 0.5ms TTI.
Observation 2: Self-contained sPDCCH should be considered at for 4 or 3-symbol TTI and 1 or 2-symbol TTI.
Proposal 3: It is preferred to keep the number of maximum PDCCH BDs in a subframe for short TTI same as that for 1ms TTI.
For UCI enhancements, we observe that
Observation 3: For 0.5ms TTI, the structure of PUCCH format 1, 1a, 1b, 2, 2a, 2b and 3 in each slot can be reused.
Observation 4: For less than 0.5ms TTI, new PUCCH structures are needed.
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