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Introduction
Based on the agreed SI at RAN#67 meeting about “Study on Latency reduction techniques for LTE” [2], RAN1 is tasked to study TTI shortening and reduced processing times. The SI objective for RAN1 part is as follows: 
· From RAN1#83: TTI shortening and reduced processing times [RAN1]:
· 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 signalling 
· Backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier);
In this contribution, we first discuss the sources of latency reduction in the physical layer and then analyse the specification impacts of different short TTIs based LTE system taking into account the control channel, reference signals and backward compatibility. 

Sources of physical layer latency reductions
In general, from physical layer perspective, it can be identified that the sources of latency reductions are primarily TTI duration, HARQ retransmission time and Tx/Rx processing time. It should be noted that these sources are not mutually exclusive; implementing one does not mean that the others cannot be obtained at the same time. For example it is obvious that if TTI length is shortened then HARQ retransmission time and Tx/Rx processing time can be improved straight away.
Shorter TTI duration: The transmission time interval (TTI) is defined as the amount of time that the minimum transmission unit occupies in the air-interface. In LTE subframe with normal CP length, the TTI consists of 14 OFDM symbols, so by shortening the TTI (sTTI) e.g. to 2 OFDM symbols, we can expect 7 times reduction of the air-time occupation, hence, contributing to over-all delay reduction of the packet delivery.
HARQ feedback: While it is obvious that shorter TTI directly contributes to the reduction of the HARQ round trip time (HARQ RTT) due to less time spent on the air-interface, there are other aspects of the HARQ feedback that could be enhanced. For example, at the receiver side, after decoding the data, how fast the Ack/Nack response is dispatched can also contribute the latency reduction. In LTE system in FDD mode, when UE detects PDSCH transmission in subframe n, the Ack/Nack feedback is transmitted at fixed timing of subframe n+4. However, if this fixed timing is avoided by allowing the Ack/Nack to be transmitted immediately depending on UE processing capability, and subsequently eNB decodes it without delay, the scheduling for (re-)transmission could happen as early as possible, for example by exploiting the benefits of the asynchronous HARQ mode. 
Same for the uplink in FDD mode, when UE detects the uplink grant at subframe n, the PUSCH transmission occurs at fixed timing of subframe n+4 in order to get enough time to decode the grant and prepare the data to be transmitted. However, if this fixed timing is avoided by allowing the PUSCH to be transmitted immediately depending on UE processing capability, and subsequently eNB decodes it without delay, the scheduling of a new grant for (re-)transmission of PUSCH could happen as early as possible, for example by eliminating synchronous HARQ mode, and introducing the benefits of the asynchronous HARQ mode. 
Therefore for both DL and UL transmissions, by optimising the HARQ feedback timing contributes significantly to HARQ RTT reduction.
Processing time: The processing time mostly depends on the implementations, but, there are several other system design factors that can enhance the processing time:  
· Control at the beginning: Control information that comes before the scheduled PDSCH enables early decoding of the control information, followed by immediate decoding of the scheduled PDSCH without waiting time. This processing enhancements could not be achieved if control and data are multiplexed in frequency domain in the same TTI unit. Therefore, the control information at the beginning of TTI will reduce the receiver processing time.  
· Reference signals at the beginning: The channel estimation for demodulation acquired before receiving the control/data will also reduce the receiver processing time. Otherwise, the control and data would have to wait while the channel estimates from reference signals, which are embedded throughout the transmission unit, are being prepared, and this will cause an additional delays.
· Short transport block (TB) sizes: It is generally understood that the PDSCH decoding time is highly proportional to the TB size where smaller TB sizes are primarily processed faster than larger TB sizes. Hence, depending on the applications of the shorter TTIs, smaller TB sizes contribute to reducing the receiver processing time.
Propagation time: Another issue is the propagation time which is dependent on the distance between the eNB and UE. In LTE, timing advancements (TA) were applied to compensate the propagation delay in order to align transmissions from different UEs at the eNB receiver. As this delay is distance dependant, it may not feasible to be reduced in practice, however, the eNB scheduler should be able to take into account the propagation delay and use it in such a way to enhance the HARQ RTT in UE-specific manner.
Observation #1: The sources of latency reductions are primarily TTI duration, HARQ retransmission time and Tx/Rx processing time.
Observation #2: The propagation time is a distance-dependant delay and it is not feasible to be reduced in practice. 

Specification impacts of DL Short TTI  
For the DL short TTI, 7, 3(4), 2 and 1 OFDM symbols are some possible candidates based on the current LTE subframe length of 14 OFDM symbols. By taking the normal LTE subframe of 14 symbols as a starting point, it is obvious that the further the TTI is shortened, the latency is reduced. However, we have to find a right balance between the achievable performance gains (including control overhead, reference signal design, etc.), complexity and standardisation efforts. 
The current LTE subframe consists of two slots where each slot is 7 OFDM symbols, so, it is straightforward to support at least a short TTI of 7 OFDM symbols. In this case, the existing control channel in the first slot can be reused to schedule sPDSCH in the first slot, and for the second slot, a new control channel needs to be introduced either in TDM and FDM manner with the sPDSCH as well as the legacy PDSCH/EPDCCH. However, based on the discussion in the first section of this document it is preferable to place the control information at the beginning of the sTTI duration (i.e. TDM manner). 
sTTI with 1 OFDM symbol would likely to incur a high control overhead as well as complex design of reference signals, so it is very challenging to demonstrate any performance gains. Therefore, the trend is to enrich the current study of 7, 3(4) and 2 OFDM symbols so that their benefits are well pronounced. Table 1 below contains some high level analysis of specification impacts relating to control, CRS and DMRS design structures.
Table 1. Specification impact of different DL sTTI lengths
	sTTI length
	Control structure 
	CRS structure
	DMRS structure

	7 OFDM symbols
	-Reuse PDCCH for the 1st slot
-New control for the 2nd slot
-Reasonable overhead
-Partially backward compatible
	-Legacy CRS can be reused
-Backward compatible
	-Existing DMRS pattern punctured for slot duration can be reused
-8layer MIMO is not available
-Backward compatible

	3/4 OFDM symbols
	-New control design
-Moderate overhead
	-Existing CRS can be reused
	-New DMRS design is necessary


	2 OFDM symbols
	-New control design
-High overhead
	- Existing CRS can be reused

	-New DMRS design is necessary


	1 OFDM symbol
	-New control design
-Very high overhead
	Existing CRS can be reused 
	-New DMRS design is necessary



Observation #3: For short TTIs, the trend is to enrich the current study of 7, 3(4) and 2 symbols so that their benefits are well pronounced.
The above table lists several short TTIs, however, one important issue is whether the short TTI is fixed or variable for a given UE. If it is variable how often it can be changed, i.e. semi-statically or dynamically. In practice, it can be argued that the usage of short TTI depends on traffic scenario implying that the short TTI that satisfies one scenario may not be suitable for another scenario, for example, shorter sTTI is mainly for small file sizes or light traffic load while longer sTTI is mainly for large file sizes. In addition, as there will be a different design structure of control and reference signals due to a different number of OFDM symbols that are available in each sTTI, it is likely that dynamic change of these structures will present some challenges for the implementations. Therefore, changing the short TTI in dynamic manner seems difficult to handle in practice. Rigid fixed sTTI is also not realistic due to the needs of different short TTIs for different application scenarios. 
[bookmark: _GoBack]Furthermore, while changing between short TTIs dynamically seems difficult, but, one could consider changing from one short TTI to legacy TTI dynamically, more specifically for the application of TCP phases [6]. During TCP slow-start phase a short TTI can be applied in order to allow TCP Ack to be sent to the application server quicker, and after TCP slow-start phase the legacy TTI can be dynamically switched to.
Observation #4: Changing between short TTIs in dynamic manner seems difficult to handle in the implementations as there will be different design structures for different TTI lengths arising from the control structure, reference signals, etc.

Specification impacts of UL Short TTI  
For UL transmission, short TTIs of 7, 3(4), 2 and 1 SC-FDMA symbols are some possible candidates based on the current LTE subframe length of 14 OFDM symbols. The current LTE subframe consists of two slots where each slot is 7 SC-FDMA symbols, so, it is straightforward to support at least a short TTI of 7 symbols. In this case, the existing DMRS in each slot can be reused to demodulate the sPUSCH. In addition, it is simple to map sPUCCH to only one slot, although there may be some issues for the cell coverage. For the uplink grant, the existing PDCCH in the first slot of the downlink subframe can be reused to schedule sPUSCH in the first slot, and for the second slot a new control channel can be introduced to schedule the corresponding sPUSCH. Same as for DL transmission, the current study should concentrate on 7, 3(4) and 2 symbols so that their benefits are well demonstrated. Table 2 below contains some high level analysis of specification impacts relating sPUSCH, sPUCCH and DMRS design structures. The uplink grant is not included in Table 2 as it would be the same as the control structure captured in Table 1 above.
Table 2. Specification impact of different UL sTTI lengths.
	sTTI length
	sPUCCH structure
	sPUSCH structure
	DMRS structure

	7 OFDM symbols
	-sPUCCH mapped in one slot can be reused.
-Partially backward compatible
	-sPUSCH mapped in one slot can be reused.
-Partially backward compatible
	-Existing DMRS in one slot can be reused. 
-Backward compatible

	3/4 OFDM symbols
	-New sPUCCH control design or
-Control is mapped to sPUSCH
-Moderate overhead
	-New sPUSCH mapping should be applied
	-New DMRS design is necessary 
-DMRS sharing may be possible

	2 OFDM symbols
	-New sPUCCH control design or
-Control is mapped to sPUSCH
-High overhead
	-New sPUSCH mapping should be applied
	-New DMRS design is necessary

	1 OFDM symbol
	-New sPUCCH control design or
-Control is mapped to sPUSCH
-Very high overhead
	-New sPUSCH mapping should be applied
	-New DMRS design is necessary



Furthermore, whether DL and UL would have same or different sTTI lengths need to be investigated. At least one concern for UL sTTI of 3/2/1 symbols is the penalty for the coverage as the energy per bit will undoubtedly decrease while there is no such concern for DL sTTIs. Therefore, it is foreseeable that the DL and UL would have a different sTTI configurations. However, this would have a significant impact on DL and UL timing relationships and as a consequence further study is necessary.
Observation #5: Further study is necessary whether DL and UL would have same or different sTTI lengths.


Conclusion
In this contribution, we have discussed sources of the latency reductions in the physical layer and analysed the specification impacts of different short TTIs for latency reductions taking into account the control channel, reference signals and backward compatibility and we have the following observations:
Observation #1: The sources of latency reductions are primarily TTI duration, HARQ retransmission time and Tx/Rx processing time.
Observation #2: The propagation time is a distance-dependant delay and it is not feasible to be reduced in practice. 
Observation #3: For short TTIs, the trend is to enrich the current study of 7, 3(4) and 2 symbols so that their benefits are well pronounced.
Observation #4: Changing between short TTIs in dynamic manner seems difficult to handle in the implementations as there will be different design structures for different TTI lengths arising from the control structure, reference signals, etc.
Observation #5: Further study is necessary whether DL and UL would have same or different sTTI lengths.
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