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1. Introduction

In RAN#67 meeting, an LTE release 13 study item on latency reduction techniques for LTE was approved [1]. Specifically, the objectives of the study item for RAN1 are 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 signaling 
· backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier);


In this contribution, we discuss the feasibility of shorter TTI lengths and correspondingly potential specification impacts for latency reduction techniques.
2. Discussion on TTI Shortening
To investigate the feasibility of shorter TTI lengths such as between 0.5msec and 1 OFDM symbol, there are several consideration points that should be carefully studied as follows. Firstly, data channel decoding latency needs to be addressed. If turbo decoder decoding latency is bounded by 1TTI, then the maximum transport block size (TBS) per turbo decoder of legacy TTI is 97896 assuming single layer with 64QAM. To reduce the size of TTI, the decoding latency should be also decreased, which can be achieved to certain extent by reducing maximum TBS per TTI (with less REs allocated with short TTI, shorter TBS seems natural with shorter TTI). In terms of scale of TBS with shorter TTI, the overhead of control and/or RS needs to be considered, which then may lead less spectral efficiency with shorter TTI (i.e., smaller total number of bits of DL SCH TBs received within 1msec in total). 

Observation 1: With TTI shortening in backward compatible manner, the maximum total number of bits of DL-SCH TBs received within 1ms will be reduced in consideration of decoding latency and additional control/RS overhead. 
In terms of UE processing capability, it is expected that an advanced UE needs to support both short TTI and legacy TTI. Given that short TTI may not be the best in all cases, the possibility that a UE needs to support both TTIs at the same time needs to be considered. Moreover, the advance UE needs to support legacy UE at least to receive cell broadcast messages such as SIB. In terms of supporting various TTI sizes, three options can be considered. One is that TTI size is semi-statically configured. For example, if a UE is configured with short TTI, UE expects always short TTI at least for unicast traffic. This approach may not be efficient if different applications/traffic patterns are used as the optimal TTI size may be different per application characteristics. For example, for small size of TCP, short TTI would be better while legacy TTI would be better for large size of TCP. Another example is to allow dynamic TTI size switching per legacy TTI. The last option is to allow multiplex different TTIs within a legacy TTI. Depending on which option to assume, the requirement or handling of UE implementation/capability can be different. We consider second or third option where both long TTI and short TTI are mixed up for a UE. A mix-up between long TTI with small message of common data and short TTI may not be problematic. On the other hand, a mix-up between long TTI with large message of unicast and short TTI may cause decoding latency issue. For example, 1ms TTI with TBS of 97896 is followed by 1 OFDM symbol TTI with TBS of 8158, which is depicted as figure 1. In this case, the decoding time for data channel of long TTI slows down the starting time for control channel of successive short TTI, which results in increase of the decoding latency of data channel of short TTI. 
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Figure 1. Example of data channel decoding latency
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Figure 2. Example of multiplexing of different TTIs in FDM manner
Secondly, control channel decoding latency needs to be also studied. For example, as shown in figure 2, let us consider that long TTI and short TTI PDSCH can be multiplexed in FDM manner and PDCCH region of long TTI is successively followed by control channel of short TTI. Considering the maximum of 44 blind decodings for PDCCH of long TTI, decoding latency of legacy PDCCH would affect the decoding latency of successive short TTI control channel even though the maximum number of blind decodings is reduced for short TTI control channel to reduce the processing delay. In other words, if control channel decoder is shared between different TTI sizes, the latency of short TTI decoding may be affected by previous long TTI control channel decoding. Depending on the capability of decoder for control channel, it needs to be discussed which control channel will be decoded preferentially between long and short TTI. 
Observation 2: UE capability and requirement to support short TTI in terms of processing needs further study in consideration of multiplexing between long and short TTIs.

Also, considering that advanced UE needs to support at least legacy TTI and one additional short TTI if TTI shortening is introduced, it needs to be clarified whether the size of short TTI can be configurable and whether the number of TTIs configurable to a UE can vary or be more than two. As it will complicate UE processing, we prefer a fixed short TTI (i.e., not configurable) supported if TTI shortening is introduced.

Proposal 1: From a UE perspective, UE needs to support only one additional short TTI size besides legacy TTI length if short TTI is configured. The size of short TTI is predefined in the specification. 

Another consideration point is handling of TDD and MBSFN subframe in FDD where short TTI may not be available in every subframe. With MBSFN or TDD case, it would not be possible to enable quick scheduling and response even with shorter TTI lengths if enough downlink channels with short TTI are not placed consecutively due to MBSFN or TDD UL/DL configuration, which can be a bottleneck to hinder the latency reduction. For example, as shown in figure 3, if MBSFN subframes are present, there can be many unavailable short TTIs falling in MBMS area. Similar issue arises in TDD as well where short TTI for downlink is not available due to uplink subframes and short TTI for uplink is not available due to downlink subframes. 
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Figure 3. Example of unavailable resources due to MBSFN configuration 
In consideration of TTI shortening in backward compatible manner, the listed issues should be addressed. More specifically, considering potential drawback with TTI shortening from control overhead and RS overhead increase, careful consideration on very short TTI size is necessary. Also, UE capability to handle different TTI sizes needs to be further studied. Based on RAN2 evaluations for various TTI sizes, it seems to us that we can focus on 0.5msec TTI size as it offers considerable gains in most scenarios regardless of situation, whereas the performance gains with very small TTI size such as 1 or 2 OFDM symbols vary depending on system load, file size, control overhead, etc. 
Proposal 2: Focus on 0.5msec TTI for specification impact.

3. Potential specification impacts

In this section, we discuss potential specification impacts when shorter TTI for latency reduction is adopted. The first consideration point is an applicability of TTI shortening for data/control channels (except for SIB related channels). Two options can be considered: one option is that TTI shortening is applied to all channels and the other option is that TTI shortening is only applied to (E)PDCCH/PDSCH/PUSCH (for unicast). If the latter option is considered, its advantages will be less specification impact, less coverage loss (e.g., PUCCH), and more efficient resource utilization (e.g., multiplexing with legacy UEs). Moreover, at least for 0.5ms TTI case, no major performance degradation is expected assuming A/N processing time of a UE is reduced to 0.5msec. On the other hand, increase of UCI payload and retransmission latency and limitation in terms of round trip time even with short TTI for other channels are expected as the latter’s disadvantages. TTI reduction of PUCCH and HARQ-ACK PUSCH may need further consideration to address potential performance/coverage loss of HARQ-ACK transmission but it may provide latency reduction in terms of faster HARQ-ACK response. Therefore, applicability of TTI shortening to data/control channels should be studied with consideration of pros and cons as mentioned above. 
The second consideration point is related to multiplexing between long and short TTI as mentioned earlier. When different TTI sizes are multiplexed, handling of HARQ-ACK and control channel/RS design would be impacted. Particularly, design of PHICH functionality and synchronous PUSCH HARQ design may need to be adapted to handle potential collisions among different TTI sizes.   
On control channel design for shorter TTI lengths, pros and cons between PDCCH-based and EPDCCH-based should be investigated. From the perspective of channel estimation, for TTI shorter than 0.5msec, CRS may be better than DM-RS due to its density so channel estimation based on CRS or DM-RS should be taken into account with considering specification impact and performance benefit. It would be necessary to consider search space separation of control channels per TTI and some type of FDM between long TTI PDSCH and short TTI control channel. Whether and how to allow the network to schedule long TTI data channel via short TTI control channel may be a discussion point as well. 
Reference signal design is also one of essential issues to be discussed. Especially, in case of very short TTI such as 1 OFDM symbol length TTI, uplink DM-RS design should be handled. Multiplexing of data channel and DM-RS within short TTI is also to be discussed with consideration of specification impact and performance benefit.

In addition, it can be considered whether new MCS/TBS table for short TTI data channel is needed. If short TTI PUCCH is supported, the related issues need to be discussed such as multiplexing between legacy PUCCH and short TTI PUCCH and resource mapping of short TTI PUCCH. Unavailable PUCCH/PHICH timing for HARQ-ACK in FDD due to MBSFN subframe or TDD UL/DL configuration for shorter TTI lengths needs to be also taken into account. 
In summary, considerable specification impacts are expected to support short TTI. At least the following aspects should be addressed. 
Proposal 3: For TTI shortening, the following aspects should be addressed:

· HARQ-ACK handling for both PDSCH and PUSCH. Particularly, if different TTI sizes are supported for unicast from a UE perspective, multiplexing/collision issue of HARQ-ACK among different TTIs should be addressed as well.

· Control and RS design to support short TTI. If multiplexing of different TTIs is supported, control design should consider multiplexing mechanism. 

· Physical control channel design on short TTI: either based on PDCCH or EPDCCH (or both). 

· DM-RS pattern for downlink control/data, uplink PUCCH/PUSCH

· PUCCH channel design

· TDD aspects to support TTI shortening
4. Conclusions

In this contribution, we discussed several consideration points on the feasibility of shorter TTI lengths and specification impacts for latency reduction techniques. Our observations and proposals are given as follows:
Observation 1: With TTI shortening in backward compatible manner, the maximum total number of bits of DL-SCH TBs received within 1ms will be reduced in consideration of decoding latency and additional control/RS overhead.
Observation 2: UE capability and requirement to support short TTI in terms of processing needs further study in consideration of multiplexing between long and short TTIs.
Proposal 1: From a UE perspective, UE needs to support only one additional short TTI size besides legacy TTI length if short TTI is configured. The size of short TTI is predefined in the specification.
Proposal 2: Focus on 0.5msec TTI for specification impact.
Proposal 3: For TTI shortening, the following aspects should be addressed:

· HARQ-ACK handling for both PDSCH and PUSCH. Particularly, if different TTI sizes are supported for unicast from a UE perspective, multiplexing/collision issue of HARQ-ACK among different TTIs should be addressed as well.

· Control and RS design to support short TTI. If multiplexing of different TTIs is supported, control design should consider multiplexing mechanism. 

· Physical control channel design on short TTI: either based on PDCCH or EPDCCH (or both). 

· DM-RS pattern for downlink control/data, uplink PUCCH/PUSCH

· PUCCH channel design

· TDD aspects to support TTI shortening
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