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1 Introduction

Latency reduction Study Item has been approved in the RAN plenary #69 meeting [1].  One of the objectives is specifying shorten TTI operation to reduce latency and improve TCP throughput. RAN2 has already done the performance evaluations about short TTI [2]. There are also some potential impacts and studies in RAN1 [1]:
· 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);
Latency reduction can be achieved by the following physical layer techniques:

· short TTI

· reduced processing time in implementation

· new frame structure of TDD

In this contribution we will discuss the design principles and framework of short TTI. Performance evaluation on each TTI length is presented in the companion contribution [3].  Detailed analysis on each candidate TTI length, uplink and downlink reference signals, and control signaling are provided in the other contributions [4] [5] [6] [7].
2 Design principles and framework
A number of existing applications can benefit from reduced latency, for example, gaming, real-time applications like voice and video telephony/conferencing, and many TCP based applications. In addition, more and more emerging delay critical new applications, e.g., remote control, vehicle to vehicle communications, etc. also require low latency. There has been consensus that short TTI is one promising way to reduce latency and to further improve the user experience in [2]. Furthermore, short TTI can also increase the capacity of small packets due to the smaller transmission granularity.
The shorter the TTI length is, the larger the latency gains as follows. The UPT performance gain is shown in [3]. Taking the uplink Dedicated Scheduling Request (D-SR) from TR 36.881[2] as an example, which is listed in Appendix 1, we can find that:
	TTI length
	D-SR UL Latency

	1ms
	17.5ms

	7 symbols
	11.25ms

	4 or 3 symbols
	8.125ms

	2 symbols
	6.79ms

	1 symbol
	5.9ms


However, shorter TTI may have larger L1/L2 overheads, more complexity and greater standardization impacts. The design principles of short TTI should take both these impacts and the achievable gain into account. In this contribution, the following main aspects will be analyzed one by one.
· Backward compatibility
As stated in the SI, backward compatibility shall be preserved, thus allowing normal operation of pre-Rel 13 UEs on the same carrier. It is obvious that 1ms TTI and short TTI can be multiplexed in a TDM manner or in a FDM manner or in an embedded manner in Figure1. 
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Figure 1 Multiplexing manners between 1ms TTI and short TTI 

In a TDM manner, packet data with short TTI and that with 1ms TTI can be transmitted in different time. However, the performance gain of short TTI may not be achieved due to the interruption of 1ms TTI sometimes. In a FDM manner, packet data with short TTI and that with 1ms TTI can be in different PRBs at the same time. If the traffic load from UEs with short TTI is heavy, more PRBs can be allocated to short TTI, or else less PRB can be allocated to short TTI. In an embedded manner, packet data with short TTI and packet data with 1ms TTI can dynamically share all subframes and bandwidths. Packet data with short TTI can occupy some small resources temporarily which have been allocated to the packet data with 1ms TTI. 
FDM manner and embedded manner are more beneficial for the coexisting of different TTIs.

On the other hand, CA environment is also one important scenario to apply short TTI. The TTI length can be different on different carriers to meet different service requirements. For example, the primary carrier keeps 1ms TTI length, and the secondary carrier can use short TTI, e.g., on the unlicensed carrier of LAA. Further optimization can be designed for short TTI on the secondary carrier, while the primary carrier can help to keep the backward compatibility of legacy UEs.
Proposal 1: To keep backward compatibility, FDM manner and embedded manner can be considered for the coexisting of different TTI on the same carrier.

Proposal 2: The TTI length can be different on different carriers in case of CA scenario to meet different service requirements.
· Common channels
The existing PSS/SSS and PBCH should be kept to support legacy UEs. Because the short TTI may not be helpful for the synchronization process and the reception of broadcast channels like PBCH, SIB, Paging, etc., such common channels are preferred not to be changed along with the short TTI transmission.
The PCFICH indicates the symbol number of control region for all UEs in the cell coverage and it needs to be kept. When there is shared PDCCH in the new short TTI slots that do not start since the beginning of the subframe, it is possible to reuse the PCFICH value in the first TTI slot. It can also be considered whether to introduce another PCFICH in the second slot of a subframe and another control region is in the second slot when the TTI length is 0.5ms.
RACH procedure may be enhanced with short TTI to further decrease the access procedure.
Proposal 3: The existing PSS/SSS, PBCH, PCFICH would be kept as Rel-8 system, while RACH-related procedure may be enhanced with short TTI.  
· Control channels and reference signals
The overhead of control channels (i.e., PDCCH, ePDCCH, PUCCH) and reference signals (i.e., DL/UL DMRS, CRS) will influence the actual gain that short TTI can achieve.

To support short TTI, extra downlink control channels in one 1ms subframe would be introduced to indicate the transmission of short TTI data in uplink and downlink. Considering the typical large bandwidth transmission of short TTI data and the high channel correlation during some limited time interval, overhead of control channels can be reduced. 
For PDCCH, since legacy PDCCH region would be kept for backward compatibility, DCI for scheduling packet data in first short TTI of a subframe can be carried by legacy PDCCH while in other short TTI of the same subframe can be carried by sPDCCH which is designed for short TTI scheduling. Shared sPDCCH or self-contained sPDCCH can be considered for different TTI length. More details are analyzed in [6].

For PUCCH, more ACK/NACK information would be transmitted in one 1ms subframe to support several short TTIs. CSI feedback would also be more frequent than before to enable fast link adaptation, which would benefit in case of medium to high speed velocity. From structure point of view, the structure of PUCCH format 1, 1a, 1b, 2, 2a, 2b and 3 in each slot can be reused for 0.5ms TTI. For less than 0.5ms TTI, new PUCCH structures are needed. More details are analyzed in [6].
For downlink reference signals, the overhead and performance degradation depends on several factors. In current specifications, CRS are intended to be used by UEs for channel estimation and CSI measurement for TM1/2/3/4, and DMRS are used by UEs for channel estimation for TM 8/9/10. 
For CRS-based TMs, performance of some short TTIs may be degraded because of external interpolation of channel estimation. To keep the performance, extra CRS may also be needed [5].

While for DMRS-based TMs, the extra DL DMRS would be added in short TTI and the overhead will be larger when the number of spatial layers is larger and when the TTI length is smaller [5].   

For uplink RS, the DMRS overhead of 0.5ms TTI and 4 or 3 symbols TTI for PUSCH demodulation can be kept the same to legacy 1ms TTI. But for high speed or high modulation order scenarios, more RS may be needed for frequency shift estimation and compensation. Just like in downlink, the overhead need to be reduced to maximum the throughput. More details on RS are analyzed in [5].
Proposal 4: The overhead of extra control channels and reference signals for short TTI should be as small as possible while the demodulation performance should be maintained as much as possible. 

· Uplink single carrier property
For symbol level TTI in uplink, especially for 1 or 2 symbols TTI length, self-contained reference signal and data in one symbol may mean the loss of “single carrier” property. Therefore, either the restriction of single carrier property would be loosened, or some solutions are used to keep the single carrier or achieve low PAPR.
Proposal 5: Either the restriction of single carrier property would be loosed, or some solutions are used to keep the single carrier or achieve low PAPR.
· Coverage

It is preferred to have the short TTI approach applicable in the current network topology. However, with TTI length shortening, the coverage of uplink channels can be reduced, for example, the uplink transmission will have at least 3dB received power loss when TTI is 0.5ms, and 9dB power loss for 1 symbol TTI length, without considering the detection degradation with less reference signals. It seems some short TTI UEs can only be served in cell center region.
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Proposal 6: Uplink coverage issue should be addressed when configuring different TTI length.
· Handle  of narrow band
Short TTI is not suitable for the system with smaller bandwidth.  The shorter the TTI, the larger bandwidth is needed to show the performance gain compared to existing 1ms TTI. For example, if system bandwidth is 6RBs and one CCE occupies 36REs, sPDCCH (PDCCH for short TTI) with CCE aggregation level 1/2/4/8 corresponds to 7%/14%/29%/57% of all REs in a 0.5ms TTI. For shorter than 0.5ms TTI, the percentage of RE occupied by sPDCCH can be larger. In addition, if frequency multiplexing between 1ms TTI and short TTI is supported, it is expected that less than 6 RBs can be available for short TTI when system bandwidth is 6RBs, the percentage of RE occupied by sPDCCH will be even larger. 

Considering larger PDCCH overhead and smaller TBS with lower coding gain, there therefore may be no performance gain and even negative gain introduced by short TTI.

Proposal 7: Short TTI is not supported for the system bandwidth smaller than xMhz. FFS on the value of x
· Other 

After 10 years’ developing since LTE Rel-8 design, eNB and UE processing capability have been improved much. The HARQ RTT may be further reduced on top of the linear scaling. For examples, HARQ feedback for short TTI can become 4 times short TTI length scaled from 4ms of 1ms TTI, or be shorter like 3 times short TTI length. 

Proposal 8: Shorter processing delay at eNB and UE, and shorter HATQ RTT on top of the linear scaling can be further considered.
3 Conclusion
In this contribution we discuss the design principles and framework of short TTI in RAN1. Based on the above analysis, we propose that:

Proposal 1: To keep backward compatibility, FDM manner and embedded manner can be considered for the coexisting of different TTI on the same carrier.

Proposal 2: The TTI length can be different on different carriers in case of CA scenario to meet different service requirements.

Proposal 3: The existing PSS/SSS, PBCH, PCFICH would be kept as Rel-8 system, while RACH-related procedure may be enhanced with short TTI. 
Proposal 4: The overhead of extra control channels and reference signals for short TTI should be as small as possible while the demodulation performance should be maintained as much as possible. 

Proposal 5: Either the restriction of single carrier property would be loosed, or some solutions are used to keep the single carrier or achieve low PAPR.
Proposal 6: Uplink coverage issue should be addressed when configuring different TTI length.
Proposal 7: Short TTI is not supported for the system bandwidth smaller than xMhz. FFS on the value of x
Proposal 8: Shorter processing delay at eNB and UE, and shorter HATQ RTT on top of the linear scaling can be further considered.
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Appendix 1: Short D-SR UL Latency component
Short D-SR UL Latency component [2]
	Component
	Description
	Time

	1
	Average waiting time for PUCCH (1 TTI SR period)
	0.5 * TTI

	2
	UE sends Scheduling Request (SR) on PUCCH
	1 * TTI

	3
	eNB decodes Scheduling Request and generates the Scheduling Grant
	3 * TTI

	4
	Transmission of Scheduling Grant
	1 * TTI

	5
	UE Processing Delay (decoding of grant + L1 encoding of UL data)
	3 * TTI

	6
	Transmission of UL data
	1 * TTI

	7
	Data decoding and processing in eNodeB
	3 * TTI

	8
	Backhaul(CN/Internet) transmission (to App server)
	5ms

	Total
	
	12.5TTI+5ms
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