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1 Introduction
In RAN#67, the SI of latency reduction was approved, which aims to study enhancements to the E-UTRAN radio system in order to [1]: 
· Significantly reduce the packet data latency over the LTE Uu air interface for an active UE.
· Significantly reduce the packet data transport round trip latency for UEs that have been inactive for a longer period (in connected state).
TTI shortening and reduced processing times should be studied in RAN1, including the following aspects:
· 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 this contribution, we discuss some specification impacts caused by TTI shortening and reduced processing times, and provide our suggestions on these aspects. 
2 Discussion
TTI shortening, which has a direct impact on transmission time over air and processing time in transmitter and receiver, is a critical way to reduce latency in order to satisfy the requirements of new applications in the future. However, it may also lead to higher reference signals overhead and require a new control signalling to schedule the UEs supporting short TTIs. Some physical channels for short TTIs like PUCCH need to be re-designed, and HARQ timing should be recalculated based on the reduced processing times. In this section, we provide several research points which should be considered when the length of TTI is reduced. 
2.1 The Length of TTI
In current LTE, one TTI is 1ms long for both downlink and uplink and contains 14 symbols for normal cyclic prefix. According to the SID [1], the TTI length can be reduced to 0.5ms or even one symbol, which can directly decrease the one-way transmission latency.  

The numerical analysis of one-way latency in [2]  assumed that both DL and UL always share the same TTI length. However, the specific structure of UL DMRS, which consumes all subcarriers in the DMRS symbol in order to ensure a low cubic metric, makes the overhead excessively large when the TTI length is reduced to be shorter than one slot. For example, the overhead is 50% for a 2 symbol TTI. Hence, a slot based TTI could be more acceptable for uplink transmission if low CM on UL DMRS should be maintained. On the other hand, the TTI length for DL does not need to have such concern. 

Observation 1: In the SI, it is not necessary to maintain a same TTI length for DL and UL. The slot based TTI can be prioritized on UL. 
In addition, for a UE to be scheduled on either DL or UL, it is beneficial for the eNB to be able to dynamically select between legacy TTI and short TTI for the UE’s scheduling, by taking into account the latency, throughput and resource efficiency. 

Observation 2: The SI study should include the possibility for eNB to dynamically select TTI length for each TTI transmission on DL or UL. 
2.2 Reference Signal DesignDownlink Reference Signal
The downlink reference signal includes CRS and DMRS. To preserve backwards compatibility, nothing should be changed on CRS.  For a shorter TTI like 1 or 2 symbols long, some TTIs in a subframe may have no CRS, but can use the CRS in the earlier TTIs for channel estimation. Hence, CRS based transmission modes can flexibly support various short TTI lengths. However, the performances across different TTIs might not be consistent and therefore needs further evaluation. 
Observation 3: The consistency of CRS-based transmission performance under one short TTI needs evaluation.
In current LTE, the DMRS uses the last 2 symbols per time slot. The PDSCH transmission of up to two layers requires 6 DMRS REs in each PRB and results in a 7% overhead. Therefore, it is reasonable to preserve the current DMRS density for the slot based TTI, i.e., the overhead is 7% for one or two layer transmission and 14% for four layer transmission. However, in the case of a one-symbol TTI or two-symbol TTI, the overhead of DL DMRS can be up to 25% if the DMRS REs still use two OFDM symbols in each TTI with the same frequency density. Such large overhead indicates the necessity to re-design the DL DMRS for TTI shorter than one slot. 
Observation 4: It is acceptable to preserve the current DL DMRS density inside a PRB for the slot based TTI, but the DL DMRS for TTI shorter than one slot needs re-design. 
For a given TTI, the DL DMRS position in time should be arranged by taking into following into consideration: 

· The DL DMRS provides sufficient reference coverage over the TTI as well as the frequency domain; 

· If allowed by the performance, the DL DMRS is allocated on earlier OFDM symbols in TTI to relieve the time reserved for UE processing.  
Observation 5: The DL DMRS position in time should be designed by taking into account both reference performance and early UE processing.  
Uplink Reference Signal
The current UL DMRS should be maintained if the UL TTI length is one slot. If the TTI length is shorter than one slot on UL, two possible solutions can reduce the DMRS overhead at least for the SI evaluation purpose. 

· UL DMRS can multiplex with data in frequency-domain like downlink rather than taking up one SC-FDMA symbol exclusively. It will reduce the overhead but correspondingly result in a higher cubic metric. 
· Multiple short TTIs can share the same DMRS symbols to reduce the overhead. This can be realized by not transmitting DMRS in every short TTI so that the PUSCH in one short TTI without DMRS can utilize the DMRS in another TTI. Another possibility is to make the two TTIs overlap over one DMRS symbol, as shown in Figure 1, where both TTI#0 and TTI#1 hold 4 SC-FDMA symbols and the two TTIs overlap over one DMRS symbol. 
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Figure 1 One UL DMRS symbol overlapping in two short TTIs
Observation 6: In case of UL TTI shorter than 1 slot, the UL DMRS overhead reduction considered in the SI can include but not limited to following:  

· DMRS REs can multiplex with data REs in frequency-domain rather than taking up one SC-FDMA symbol exclusively; or
· Multiple short TTIs can share the same DMRS symbols. 
2.3 Scheduling with short TTIsTo ensure backwards compatibility, the PDSCH/PUSCH in short TTI and PDSCH/PUSCH in legacy TTI can be frequency multiplexed or time multiplexed. In the following, we elaborate two possible ways for dynamic scheduling of PDSCH as shown in Figure 2, where the short TTI length is 0.5ms and the PDSCH in short TTI are frequency multiplexed with legacy PDSCH.
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(a) Scheduling with legacy PDCCH                               (b) Scheduling with DCI inside shorter TTI
Figure 2 Scheduling of PDSCH with short TTI
a). Scheduling with legacy PDCCH:  Scheduling with legacy PDCCH can have higher resource efficiency and better backwards compatibility, but with a disadvantage that the scheduling delay may not be reduced for certain scheduled PDSCH. As shown in Figure 2(a), the PDSCH for all UEs in sTTI #0, sTTI #1 and legacy TTI are all scheduled by legacy PDCCH. It can be seen that scheduling latencies of UE2 and UE3 in sTTI#1 are not reduced. 
b). Scheduling with DCI inside shorter TTI:  Every PDSCH in a short TTI is scheduled by a DCI in the same short TTI. The scheduling DCI inside TTI can offer lower latency but may also increase detection complexity and decrease frequency efficiency, since it may have more frequency fragments. As shown in Figure 2(b), there are two types of scheduling DCI. One is sPDCCH, which is PDCCH-alike by time multiplexing with PDSCH and allows earlier demodulation of scheduling information. Another is sEPDCCH, which is EPDCCH-alike by frequency multiplexing with PDSCH. The demodulation of PDSCH can only start after demodulation of sEPDCCH. 
It should be noted that the PDSCH in the first TTI of a subframe can also be scheduled with legacy PDCCH, and the PDSCH in the other TTIs of a subframe can be scheduled as in b). For example as in Figure 2(b), UE1 and UE3 in sTTI#0 can be scheduled by PDCCH, but UE2 and UE3 in sTTI#1 are scheduled with DCI in their own short TTIs.   
In addition, the transmission bandwidth allocated to UEs can be increased to balance out the effects caused by TTI shortening. Further, resource allocation granularity for traffic channels can be increased, which can reduce the resource allocation overheads. 
Observation 7: The SI study should include scheduling with the legacy PDCCH and scheduling with the DCI inside the same TTI. 
Observation 8: Larger resource allocation granularity can be considered for PDSCH in short TTI. 
2.4 PUCCH for Short TTIs (sPUCCH)In LTE, PUCCH is used to transmit uplink control information including SR, ACK/NACK and RI/CQI/CSI. Both SR and ACK/NACK have a clear impact on latency because SR can influence the scheduling time of PUSCH and ACK/NACK directly affects the retransmission time of PDSCH. What is more, if the TTI length is reduced to one slot, SR and ACK/NACK can reuse the current structure of PUCCH Format 1/1a/1b in a slot. If frequency diversity is necessary, symbol-level frequency hopping inside a short TTI can be adopted to offset the performance degradation caused by TTI shortening. 
On the other hand, the current CSI reporting period ranges between 2ms and 160ms. There could be few gains in reducing CQI period further for TTI shortening, since it leads to heavy overhead. In addition, the current PUCCH formats for CSI reporting need big change when the TTI length is less than a subframe. Hence, it is preferable to use the current PUCCH structure based on l-ms TTI for CSI reporting. 
Observation 9: When the TTI length is one slot, SR and ACK/NACK can reuse the current structure of PUCCH Format 1/1a/1b in a slot, and symbol-level frequency hopping can be applied if necessary.
2.5 Processing time reductionIn current LTE FDD, if the UE detects a PDSCH in subframe n-4, it should send a HARQ-ACK in subframe n. Similarly, an HARQ-ACK received by PHICH in subframe n, is associated to PUSCH transmission in subframe n-4. The delay of 4 subframes of data-to-ACK/NACK provides large potentials in latency reduction. Besides TTI shortening, eNB/UE processing times also have a significant impact on the setting of data-to-ACK/NACK delay.
Hence, the study should be taken on ways for eNB/UE processing time reduction, such as adjusting channel coding, changing the position of reference signals, and reducing the PDCCH blind detection complexity. 
Observation 10: The SI should consider at least following techniques for the eNB/UE processing time reduction: adjusting channel coding, changing the position of reference signals, and reducing the PDCCH blind detection complexity.
3 Conclusion

According to the analysis given above, we have the following observations:
Observation 1: In the SI, it is not necessary to maintain a same TTI length for DL and UL. The slot based TTI can be prioritized on UL. 

Observation 2: The SI study should include the possibility for eNB to dynamically select TTI length for each TTI transmission on DL or UL. 
Observation 3: The consistency of CRS-based transmission performance under one short TTI needs evaluation.
Observation 4: It is acceptable to preserve the current DL DMRS density inside a PRB for the slot based TTI, but the DL DMRS for TTI shorter than one slot needs re-design.
Observation 5: The DL DMRS position in time should be designed by taking into account both reference performance and early UE processing.
Observation 6: In case of UL TTI shorter than 1 slot, the UL DMRS overhead reduction considered in the SI can include but not limited to following:  

· DMRS REs can multiplex with data REs in frequency-domain rather than taking up one SC-FDMA symbol exclusively; or
· Multiple short TTIs can share the same DMRS symbols.
Observation 7: The SI study should include scheduling with the legacy PDCCH and scheduling with the DCI inside the same TTI. 

Observation 8: Larger resource allocation granularity can be considered for PDSCH in short TTI.
Observation 9: When the TTI length is one slot, SR and ACK/NACK can reuse the current structure of PUCCH Format 1/1a/1b in a slot, and symbol-level frequency hopping can be applied if necessary.
Observation 10: The SI should consider at least following techniques for the eNB/UE processing time reduction: adjusting channel coding, changing the position of reference signals, and reducing the PDCCH blind detection complexity.
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