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1 Introduction
During RAN#67, a study item (SI) [1] on latency reduction techniques for LTE was approved. In particular, the SI description (SID) includes a list of possible benefits and a description of the objectives of the SI for RAN1.
Possible benefits of reducing packet data latency includes improved TCP throughput by reducing the impact of the slow start period in particular for HTTP-based transactions that are typically less than one Mbyte in size, improved L2 buffer dimensioning for very high data rates, improved radio resource usage by enabling higher BLER operating point for delay-bounded traffic, improved QoE for real-time applications as well as enabling new delay-critical applications.

One objective of the SI from the perspective of RAN1 is to assess feasibility and specification impacts of TTI lengths between one OFDM (or SC-FDMA) symbol and one slot (i.e. 0.5ms), including impacts on reference signals and physical layer control signaling, while preserving backwards compatibility for other UEs in the cell.

This contribution further discusses such possible protocol-related enhancements.
Aspects specific to downlink and uplink transmissions are discussed in [2] and [3], respectively.

2 Support of Short TTIs (ShTTI) in LTE
This section lists a number of considerations for the support of Short TTIs (ShTTIs) from the perspective of possible specification impacts with focus on minimizing such impacts.

2.1 Backward Compatibility Requirement

The SID states that backwards compatibility shall be preserved such that normal operation of pre-Rel13 UEs on the same carrier is possible when introducing support for ShTTIs. This requirement has a number of implications including preserving the existing control region in the downlink for PDCCH and the cell-specific CRS grid, as well as ensuring that RACH/PRACH is not impacted for legacy UEs.
Observation 1:
Support for ShTTIs should be UE-specific to ensure backwards compatibility in a cell.

2.2 UE-specific Support for ShTTI

Assuming that the control region remains unmodified with the introduction of ShTTIs, the number of symbols available for data using a slot-based approach may differ between a first 0.5ms ShTTI and a second 0.5ms ShTTI by up to two symbols. For example, when configured with a normal cyclic prefix, the first slot may have 4 symbols for data while the second slot has 7 symbols for data on PDSCH. We however find no strong motivation for defining ShTTIs using a slot-based approach in the downlink. Rather, a definition based on a number of symbol(s) should be used as a function of the size of the control region and the number of ShTTIs in the subframe as configured for the UE. For example, in this case two downlink ShTTIs of 5 and 6 symbols respectively could be defined. The appropriate number of ShTTIs per subframe should be further evaluated, but means to easily extend ShTTIs to even shorter TTIs (i.e. down to one symbol) in future releases should be considered.
Proposal 1:
The definition of a ShTTI should be based on a number of symbols such that it may easily be extended to TTI values as short as one symbol.
2.2.1 Multiplexing between 1ms TTI and ShTTIs
One aspect to consider is whether or not a UE may be configured to operate with both the legacy 1ms TTI and ShTTI and, if so, under what conditions would the UE determine that a transmission is scheduled with ShTTI. This should be determined based on tradeoffs due to user plane traffic type applicable to ShTTI, changing radio conditions for a given UE and system load.

Support for ShTTI is mainly motivated by improvements to the TCP slow start phase; however, once slow start is completed the 1ms TTI is more efficient for data transfers from the perspective of control and reference signal overhead. In other words, it can be assumed that different transmission may happen concurrently for a given UE for which different TTI duration may be more suitable.

Furthermore, shorter TTIs imply reduced coverage in the uplink; a UE configured with ShTTIs and moving towards the cell edge may be more suited to use the legacy TTI than ShTTI such that it may be preferable to ensure that both TTI durations can be used based on changing radio conditions. Possible impacts to RRC connectivity should be otherwise considered.

Finally, the relative overhead in terms of control channels and possibly in terms of Reference Signals is likely to be higher with ShTTI than otherwise. In case the load in a cell increases, it may be useful for the eNB scheduler to have means to switch back to the legacy TTI for UEs configured with ShTTI in a relatively short time scale.

Proposal 2:
Multiplexing of 1ms TTI and ShTTI for a given UE across different subframes (TDM) should be considered.

It may be possible to consider that the objective in terms of latency reduction may be achieved by supporting a single ShTTI per subframe for a given UE. In such case, different UEs could still be multiplexed in time within a subframe using the same resource in frequency. This may further lead to fewest specification impacts and to a need to support fewer additional HARQ process for ShTTI. However, such solution may imply a significant loss in data rates for a UE configured with ShTTI and may further delay other flows that could benefit from ShTTIs when all HARQ processes would be ongoing.

Proposal 3:
Support for multiple ShTTIs for a given UE within a subframe should be considered. 

There are different alternatives to support both the 1ms legacy TTI and ShTTI for a given UE including:

· By RRC reconfiguration of the applicable TTI. This however forces a service interruption for the RRC reconfiguration procedure everytime a switch in TTI duration is required which defeats the purpose of reducing latency e.g. for TCP data transfers;

· By semi-static subframe configuration e.g. such that the UE gets a configuration of a number of subframe(s) where ShTTI is applicable within a radio frame. This however does not achieve the objective in terms of latency reduction given that a UE needs to wait for a ShTTI subframe to benefit from the reduced RTT of the HARQ processing. Furthermore, there is no reduction in complexity given that both type of HARQ processes may be ongoing simultaneously;

· By dynamic scheduling on PDCCH (or also by ePDCCH). This can provide means to the eNB to schedule different UEs according to system load, according to UE geometry and according to the type of data available for transmission for a given UE assuming the eNB can determine whether or not a TCP flow is in the slow start phase.

For example, this may be supported using different approaches:

a. Introduction of a new DCI that can schedules one or more ShTTIs within a subframe;

b. Reuse of an existing DCI that could assign the same resources for one or more ShTTIs within a subframe for the transmission of different TBs;

c. Reuse of existing DCIs whereby a UE would decode on PDCCH for multiple DCIs in a subframe possibly up to one DCI for each ShTTI;
Proposal 4:
Multiplexing of TTIs of different duration should be dynamic based on scheduling. 

2.2.2 HARQ Modelling and Processing Time
For LTE FDD, in the downlink there are 8 asynchronous HARQ processes numbered 0-7 which can be addressed by means of downlink DCI; in the uplink, there are 8 synchronous HARQ processes per RTT which identity is thus tied to the subframe timing.
Processing time takes into account the time needed for demodulation and channel decoding. Such time is impacted by the TTI duration and by the location of the Reference Signals whereby shorter processing time is needed the earlier the RS in relation to the data transmission. Further analysis is needed to determine how fast such processing can be. The number of additional HARQ processes needed in support for ShTTI is a function of the RTT and needs further discussions regarding processing times.

However, one implication of supporting different TTIs is that HARQ processing will differ between an initial transmission performed using a legacy TTI and one using ShTTI. Assuming that transmissions may be performed according to either type of TTI duration for aUE that supports ShTTIs, HARQ processing numbering will be impacted.

Observation 2:
Renumbering of HARQ processes has impacts on DCI signaling in the DL.

Solutions that minimizes the impacts on existing DCIs should thus be considered. For example, this could be achieved by reusing the LTE CA DCI formats for cross-carrier scheduling; in this case, Carrier Indicator Field (CIF) values could be associated with different sets of HARQ processes based on TTI duration and, for ShTTI, based on its location in time within a subframe.
3 Conclusion

RAN1 should thus discuss the above and use the following observations and proposals as working assumptions for further work studying support for ShTTI in LTE R13:
Observation 1:
Support for ShTTIs should be UE-specific to ensure backwards compatibility in a cell.

Proposal 1:
The definition of a ShTTI should be based on a number of symbols such that it may easily be extended to TTI values as short as one symbol.
Proposal 2:
Multiplexing of 1ms TTI and ShTTI for a given UE across different subframes (TDM) should be considered.

Proposal 3:
Support for multiple ShTTIs for a given UE within a subframe should be considered. 

Proposal 4:
Multiplexing of TTIs of different duration should be dynamic based on scheduling. 

Observation 2:
Renumbering of HARQ processes has impacts on DCI signaling in the DL.
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