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1
Introduction
Based on the outcome of RAN#67 and as captured in the SI description in [1], the following items have been discussed and documented specifically for RAN1 studies regarding TTI shortening and reduced processing times:

·  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);

It is explicitly stated in the SID that “both FDD and TDD duplex modes are considered”. The scope of SI was clarified in RAN#71 [3]: “no specific discussion or assumption related to Frame Structure 3 in the study on latency reduction techniques for LTE in 2016 Q2”. In this contribution, we present our considerations on shorter TTI for TDD duplex mode based on Frame Structure 2.
2
Starting point
Table 1 summarizes the user plane latency and related components for LTE with 1-ms TTI covering both UL and DL as well as FDD and TDD [2]. Generally speaking, in TDD (FS2) air interface latency varies a lot depending on the legacy TDD DL/UL configuration as well as the subframe index within the radio frame. Latency in TDD mode is larger than in FDD due to the fact that in TDD both data and control signals suffer from additional frame alignment delay caused by the duplexing (“UE/eNB may be assigned to another link direction”). Latency involved with HARQ re-transmissions increases from the same reason. 
Table 1. User plane latency of LTE-Advanced 
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eNB Processing 1 ms 1 ms

Frame Alignment 0.5 ms 0.6-1.7 ms

TTI duration 1 ms 1 ms

UE Processing 1.5 ms 1.5 ms

HARQ Re-transmission    

(10 % x HARQ RTT)

0.8 ms 0.98-1.24 ms

Total Delay 4.8 ms 5.2-6.2 ms*

Delay component LTE-A FDD LTE-A TDD

UE Processing 1 ms 1 ms

Frame Alignment 0.5 ms 1.1-5 ms

TTI duration 1 ms 1 ms

eNB Processing 1.5 ms 1.5 ms

HARQ Re-transmission    

(10 % x HARQ RTT)

0.8 ms 1.0-1.16 ms

Total Delay 4.8 ms 5.8-9.5 ms*


In principle, some of the latency components shown in Table 1 can be scaled linearly according to the TTI length similarly in both FDD and TDD duplex mode, for example UE and eNB processing. On the other hand, in TDD mode, the switching of link direction between UL and DL impacts two of the latency components in Table 1, namely Frame alignment time and HARQ Re-transmission. In TDD, currently the number of DL-UL switching points within radio frame is limited up to two. When shortening the TTI length, limited switching point periodicity becomes a bottleneck for achieving considerable latency reduction, when compared to FDD-based latency reduction. This is due to the fact related latency components (such as Frame alignment time and HARQ Re-transmission) do not scale linearly with TTI length. 

Observation-1: Maximum switching point periodicity of current TDD DL/UL configurations (5 ms) limits the achievable latency.
3
Limitations due to legacy TDD
As discussed in Section 2, in order to achieve attractive latency reduction for TDD, there has to be more opportunities for link direction switching between UL and DL. In LTE TDD, link direction switching is facilitated by means of guard period included in the special subframe (+ related uplink timing advance procedure). Hence, allocating additional special subframes can be seen as a way to improve the latency especially when combined with shorter TTI length.
Observation-2: Additional special subframes in the radio frame can allow for further latency reduction in TDD.
Introduction of additional special subframes on top of current TDD DL/UL configuration requires specific considerations related to backwards compatibility. According to Study Item description [1], ”backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier)”. On the other hand, when operating with half-duplex nodes, eNB cannot receive and transmit at the same time. Hence, eNB cannot support reception of UL sTTI when transmitting legacy DL signals, or vice versa, transmission of DL sTTI when receiving legacy UL signals, respectively.
One can note that introduction of additional special subframes on top of current TDD configurations involves quite similar limitations due to legacy UEs as the introduction of dynamic TDD UL-DL reconfiguration specified in Rel-12 eIMTA WI. In the following, we summarize the key eIMTA principles used to facilitate coexistence between legacy UEs and eIMTA UEs.
eIMTA rules for coexistence between legacy UEs and eIMTA UEs:
In order to keep legacy UE’s RRM/CSI measurement unchanged a subframe configured as DL subframe or DwPTS of special subframe in SIB1 is never used for uplink transmission. Hence, eIMTA flexibility for a given DL/UL configuration defined by SIB1 configuration is limited to the following cases:

·    UL subframes can be used as either UL or DL subframe (i.e. flexible subframes)
·    Special subframe #6 can be used as Special subframe or DL subframe
Another limitation comes from the HARQ/scheduling timing: UL subframe carrying HARQ-ACK for eIMTA UEs cannot be used as DL subframe. This ensures that PDSCH HARQ-ACK timing is not impacted by the dynamically selected DL/UL configuration.  
When considering the current sTTI scenario, eNB needs to operate according to the following scenario:
·    Legacy UEs follow SIB1-defined DL/UL configuration

·    HARQ/scheduling timing cannot be changed for legacy UEs 

·    Due to legacy UE’s RRM measurements, DL subframes (or at least the CRS part) can never be used as UL for sTTI UEs
·    Subframes containing PUCCH for legacy UEs cannot be used as DL for sTTI UEs.

Observation-3: From backwards compatibility point of view sTTI scenario in TDD duplex mode has lots of commonalities with Rel-12 eIMTA.

4
Short TTI for TDD 
Short TTI can be supported by means of a new TDD configuration defined for sTTI UEs. Figure 1 shows an example of the scenario considered. It assumes that TDD UL/DL configuration #0 and special subframe configuration #9 has been configured in the cell (( DwPTS length = 6 symbols).
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D7 Shorter DL TTI, 7 symbols

D6 Shorter DL TTI, 6 symbols

GP (1 symbol in this example)

U7 Shorter UL TTI, 7 symbols


Figure 1. Example of short TTI configuration for legacy UE, TDD Configuration #0.
The example shown in Figure 1 includes the following aspects:
·  sTTI length is defined to be about one slot with special treatments for some subframes. So exact sTTI length can vary slightly depending on the index of the subframe. 
·  Assuming that the eNB does not schedule legacy PUSCH on UL subframes #3 and #8 and that these subframes are free from legacy PUCCH, they can be used as additional special subframes containing both DwPTS and UpPTS.
·  Subframes #1 and #6 can be seen as special subframes from sTTI UE’s point of view. eNB may or may not allocate legacy UpPTS signals to those subframes.  
·  Depending on the presence of legacy signals (PUCCH/PUSCH) in subframes #2, #4, #7, #9, eNB may assign either an additional special subframe or an UL subframe with two sTTI on those subframes. 
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A new TDD UL/DL configuration might be considered also for the downlink heavy scenarios where the legacy UEs apply configuration #3, #4 or #5. Then the bottleneck becomes the uplink, which lacks opportunities for HARQ-ACK feedback. In this scenario, the new DL/UL configuration could be defined with the special subframes inserted in the predetermined DL subframes. Such consideration might be useful especially when the load of sTTI traffic is so light that the downlink transmission could still be scheduled on these subframes when no sTTI UEs are scheduled (for UL direction). One challenge relates to RRM/CSI measurements as the cell common reference signals may not be retained if the TTI is not sufficiently short or not punctured by the cell common RS. One solution is to indicate those latency reduction special subframes as MBSFN subframes. An example is shown in Figure 2, where UL/DL configuration #5 is used for legacy UEs. The new sTTI UL/DL configuration has one special subframe inserted at subframe #7, giving additional opportunities for conveying e.g. HARQ-ACKs for DL transport blocks. 
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Figure 2. Example of short TTI configuration for legacy UE, TDD Configuration #5.
Shorter TTI for TDD enabling low latency operation requires redesign of PDSCH HARQ timing and PUSCH scheduling timing separately for each SIB1–defined TDD UL/DL configuration. PDSCH HARQ-ACK timing should be based on the short TTIs which are always in the UL phase. Depending on the actual processing times, one way latency with slot-based TTI allows reduction of one way latency by up-to 50% compared to legacy TTI length. We think this as a significant enough improvement motivating further investigations. 
Proposal #1: Investigate the feasibility of new TDD configuration(s) based on slot-level TTI 

From interference scenario point of sTTI with one or more additional special subframes has a lot of commonalities with that of eIMTA. Depending on the subframe allocation in the neighbouring cells, cross-link interference may or may not be present. Interference mitigation solutions defined as part of eIMTA Work Item can be applied also in sTTI scenario. Those include enhancements to Power Control, CSI measurements and X2 signalling to facilitate interference management.
As discussed in Section 2, the maximum switching periodicity of current TDD DL/UL configurations limits the latency performance. Special subframe supports link direction switching as well DL and UL data and control channel transmission within a subframe. Hence, latency can be improved by increasing the number of special subframes for at least some DL/UL configurations, for example Configuration #1, which has balanced number of DL and UL subframes distributed evenly within a radio frame.
Shorter TTI requires also redesign of special subframe configurations to enhance the DL/UL data and control channel transmission. The selection of the special subframe format for legacy UEs might be impacted as well. For instance, legacy UEs may have to be configured with a special subframe with a large GP for better coexistence.
RAN#71 approved a new work item, which aims at providing mechanism for supporting PUSCH transmission in special subframe with DwPTS of 6 OFDM symbols and GP of 2 OFDM symbols [4]. This can be seen also as one required functionality facilitating latency reduction in TDD mode.  
Proposal #2: Investigate the feasibility of new special subframe formats for short TTI transmission.
5
Conclusions
In this contribution we have presented our view on shortened TTI for TDD duplex mode. Based on the discussion we make the following observations and proposals:
Observation-1: Maximum switching point periodicity of current TDD DL/UL configurations (5 ms) limits the achievable latency.
Observation-2: Additional special subframes in the radio frame can allow further latency reduction in TDD mode.
Observation-3: From backwards compatibility point of view sTTI scenario in TDD duplex mode has lots of commonalities with Rel-12 eIMTA.
Proposal #1: Investigate the feasibility of new TDD configuration(s) based on slot-level TTI
Proposal #2: Investigate the feasibility of new special subframe formats for short TTI transmission.
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