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Discussion and Decision
1. Introduction
Based on the outcome of RAN#67 and captured in the SI description in [1], the following items have been identified 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);

In this contribution, we present our views regarding the required physical layer enhancements due to TTI shortening. In Section 2, we consider on which channels RAN1 work needs to focus on during the SI, and which of the channels do not necessarily need to be modified to support TTI shortening. In Section 3, we discuss in more detail some of the necessary enhancements. 
2. Identification of required PHY enhancements for sTTI
It can be generally understood that shortened TTI (sTTI) capable UEs always enter RRC Connected state in legacy TTI mode, following legacy procedures. Additionally, to minimize latency, it may be preferable to configure a SR resource to a RRC Connected UE in sTTI mode. Hence, UE does not need to rely on PRACH during sTTI operation, and there is no need to make sTTI specific enhancements for PRACH. Therefore, the legacy PBCH and PRACH channels can be re-used for sTTI capable UE.

Proposal-1: No need to study sTTI enhancements for PBCH and PRACH, as legacy PBCH and PRACH can be reused also for sTTI capable UEs.

Considering the LTE DL common and reference signals in downlink, a subframe might contain the cell-specific signals as CRS, PSS/SSS, PRS, and DRS, as well as full band UE-specifically configurable RS as ZP CSI-RS and NZP CSI-RS/CSI-IM for TM9 and TM10 operation. In addition, UE-specific DMRS is present only in the allocated PRB pairs scheduled for UEs with DMRS based TMs. 

With shorter TTI, backward compatibility is a key requirement as stated in the SID in RP-150465 [1]. To avoid the performance impact to the legacy UEs, it is expected that the legacy reference signals such as PSS/SSS, CRS, PRS, DRS and ZP and NZP CSI-RS will still need to be present. As these signal need to be anyhow present for legacy UEs as well as UEs not configured for sTTI operation, they can be directly reused for the relevant purposes such as cell-search, RRM measurements, positioning operation as well as CSI measurements by the UE.
Proposal -2: No need to study enhancements for CRS, PSS/SSS, PRS, DRS and ZP and NZP CSI-RS for sTTI operation. Cell-search, RRM measurements, positioning operation as well as CSI measurements are to be based on legacy RS and legacy operation.
Generally, the purpose of shorter TTI is latency reduction. In order to reach the design target of significantly reducing packet data latency over the LTE Uu air interface as captured in the SID [1], enhancements at least to the channels that are directly involved in packet transmission for active RRC Connected UE are needed. Such channels are the shared data channels (PDSCH and PUSCH) as well as the related applicable physical control channels (EPDCCH and PUCCH) are needed. We see that the enhancements on these channels should be the central part of sTTI studies in RAN1. Furthermore, considering the requirement for backward compatibility and minimizing the impact to legacy UE, no changes are expected to legacy PDCCH structure. Moreover, mechanisms such as cell search, initial access etc. should be based on the legacy TTI operation as stated above. As a consequence, we propose as focus of the RAN1 related studies: 
Proposal-3: Shortened TTI studies should focus on the required enhancements to PDSCH, PUSCH, EPDCCH, and PUCCH.

In legacy LTE operation, PHICH is present in the DL control region of each TTI. But legacy PHICH will not be available in each sTTI, meaning that PHICH would need to be enhanced to support sTTI. It is worth recalling that the original motivation for PHICH is DL overhead reduction. On the other hand any shortened channel may cause inefficiency due to multiplexing limitations with legacy UE. So far it is still not fully clear that the shortened PHICH would bring considerable overhead reduction. On the other hand, asynchronous HARQ UL operation discussed in the LAA context using shortened EPDCCH for scheduling retransmissions could be utilized. Additionally, asynchronous HARQ UL operation could simplify the potentially dynamic transitions between legacy TTI and shortened TTI transmissions. From that perspective, we think that asynchronous UL HARQ for sTTI might be of advantage, and it is not clear that two different retransmission mechanisms are needed for scheduling UL retransmissions.  
Proposal-4: Asynchronous UL HARQ operation should be considered for sTTI operation. The need for sTTI specific enhancements for PHICH is unclear.
3. On necessary enhancements to DL control and DM-RS
In this section, we briefly discuss some of the enhancements necessary for TTI shortening, and focusing specifically on EPDCCH as well as on DL and UL DMRS.

Considering downlink control signaling, LTE supports PDCCH using the full system bandwidth and EPDCCH using only a few configured PRBs. Hence, EPDCCH can be considered as a starting point for related scheduling considerations for shortened TTI operation. As noted in our companion contribution [3], we believe that frequency domain multiplexing of UEs scheduled with legacy 1ms TTI and shorter TTI operation should be possible. This is also shown in example Figure-1, where the legacy 1ms DL TTI is divided into two shorter TTIs and FDM of legacy 1ms TTI PDSCH/EPDCCH and sTTI containing shortened PDSCH (sPDSCH) and shortened EPDCCH (sEPDCCH). In the first slot, the network can take advantage of the legacy PDCCH region to schedule the shortened PDSCH. When it comes to the second slot, a shortened EPDCCH could be utilized in order to schedule the shortened PDSCH in the second slot. Applying some PDCCH type of control channel in the second slot will not be possible, as PDCCH by definition would utilize the full channel bandwidth and would therefore not enable FDM for legacy TTI and sTTI in DL as can be seen from Figure-1. Practically, the combination of legacy PDCCH and sEPDCCH can also be used to schedule the shortened PUSCH (sPUSCH), if needed.  
Compared with legacy EPDCCH, shortened EPDCCH has shorter duration which may also require some frequency domain extension (i.e. more PRB pairs in a sTTI is required for a sEPDCCH set compared to the legacy EPDCCH set). Therefore, also enhancements to the legacy EPDCCH mapping method including defining new sEREG, sECCE etc. need to be studied. 
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Figure-1: Illustration of sEPDCCH and sPDSCH in slot sTTI

Observation-1: Studies are needed on the definition of sEPDCCH in terms of number of PRBs per sEPDCCH set, RE/EREG/ECCE mapping as well as the applicable aggregation levels.
Now looking at enhancements to shared data channel operation, we focus our initial investigations on the reference signal utilization for demodulation of PDSCH and PUSCH in the sequel. 

Considering the DL reference signal from demodulation perspective, there are two alternatives with either cell-specific CRS or UE-specific DMRS. Again from the backward compatibility point of view, the CRS will need to be present and transmitted anyway. Therefore, straightforward utilization of CRS for sTTI demodulation and supported TMs should be assumed as the baseline. 
The UE-specific DMRS has less constraints with backward compatibility requirements as it is only present in actually PRBs scheduled with legacy DMRS based TMs. In case DMRS based TMs are supported also for sTTI operation, new DMRS pattern and design would need to be defined for the sTTI taking the created overhead into account. To reduce the overhead impact with shorter TTI, new DMRS pattern with less DMRS RE density either in frequency or time would need to be considered. Overall, for very short TTI the benefits of DM-RS based TMs should be compared to CRS-based TMs before deciding to support DM-RS based TMs for very short TTs by considering throughput, overhead impact and required specification efforts.
Proposal-5: CRS-based TMs should be supported with sTTI and utilized as baseline reference.
Observation-2: The support for DMRS based TMs requiring DL DMRS enhancements need to be evaluated against CRS-based TM performance, overhead, and required specification efforts. 
When considering the impact of sTTI operation on uplink reference signals, the main concern comes from UL DMRS where, similarly to DL, the DMRS overhead increases with shorter TTIs. 

In case of slot sTTI and taking the legacy DMRS density as reference, each sTTI will contain a SC-FDMA symbol for DMRS. With single DMRS symbol per sTTI, DMRS overhead remains equal to legacy LTE. It also provides reasonable channel estimation accuracy, equal to legacy channel estimation accuracy with intra-subframe frequency hopping. Hence we see that current UL DMRS design can be readily used for slot sTTI with minimal specification changes at price of some channel estimation loss in cell edge conditions. 

In case of 2-symbol sTTI, changes are clearly needed on the UL DMRS to support DMRS in each sTTI. In the current LTE design, UL DMRS occupies a complete SC-FDMA symbol. This would lead to 50% overhead, motivating for further studies on DMRS enhancements. On the other hand, changes to the basic UL DMRS symbol structure require easily considerable effort on specification as well as on implementation of channel estimation itself. These aspects need to be taken into account on the UL DMRS enhancement studies, and enhancements requiring only limited specification and implementation efforts may be preferable, even at price of somewhat higher overhead. For example, in [2] it was noted that UL DMRS does not need to be present in each sTTI when UE is scheduled on multiple consecutive sTTIs on the same PRBs. This kind of mechanisms could be considered to reduce DMRS overhead while keeping specification and implementation impact at reasonable level. 
Observation-3: Current UL DMRS can provide for slot TTI a reasonable balance between sTTI coverage and DMRS overhead, while keeping the required specification efforts at reasonable level. 

Observation-4: Enhancements are needed on UL DMRS for TTIs shorter than the slot duration. In the UL DMRS enhancement studies, required specification and implementation efforts need carefully to be taken into account.
4. Summary
Based on the discussion in above, we have the following observations and proposals:

· Proposal-1: No need to study sTTI enhancements for PBCH and PRACH, as legacy PBCH and PRACH can be reused also for sTTI capable UEs.

· Proposal -2: No need to study enhancements for CRS, PSS/SSS, PRS, DRS and ZP and NZP CSI-RS for sTTI operation. Cell-search, RRM measurements, positioning operation as well as CSI measurements are to be based on legacy RS and legacy operation.
· Proposal-3: Shortened TTI studies should focus on the required enhancements to PDSCH, PUSCH, EPDCCH, and PUCCH.

· Proposal-4: Asynchronous UL HARQ operation should be considered for sTTI operation. The need for sTTI specific enhancements for PHICH is unclear.

· Proposal-5: CRS-based TMs should be supported with sTTI and utilized as baseline reference.
· Observation-1: Studies are needed on the definition of sEPDCCH in terms of number of PRBs per sEPDCCH set, RE/EREG/ECCE mapping as well as the applicable aggregation levels.
· Observation-2: The support for DMRS based TMs requiring DL DMRS enhancements need to be evaluated against CRS-based TM performance, overhead, and required specification efforts. 
· Observation-3: Current UL DMRS can provide for slot TTI a reasonable balance between sTTI coverage and DMRS overhead, while keeping the required specification efforts at reasonable level. 

· Observation-4: Enhancements are needed on UL DMRS for TTIs shorter than the slot duration. In the UL DMRS enhancement studies, required specification and implementation efforts need carefully to be taken into account.
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