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1. Introduction
Based on the outcome of RAN#67 and 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);
In this contribution, we present our view regarding the required physical layer enhancements of downlink due to TTI shortening. Section 2 highlights downlink channels and RS that require enhancements, Sections 3 and 4 discuss these necessary enhancements in more detail. Our considerations with respect to the general design issues for shorter TTI, DL and UL HARQ enhancements, UL physical layer enhancements, TDD enhancements, and system-level evaluation of TTI shortening are part of the companion contributions [2][3][4][5][6] and [7].
2. Identification of required DL enhancements 
It can be generally understood that sTTI capable UE always enters RRC Connected state in legacy TTI mode, following legacy procedures. Hence, there is no need to specify sTTI enhancements for attachment related legacy control channels and procedures. Moreover, legacy PBCH can be re-used for sTTI capable UE.
Proposal-1: No need to study sTTI enhancements for PBCH as legacy PBCH can be reused also for sTTI capable UEs.
LTE legacy downlink subframe may contain following reference signals (RS):
· Cell-specific reference signals (CRS, full-band), 
· Discovery reference signals (DRS, full band),
· Synchronization signals (PSS/SSS, center 6 PRBs),
· Positioning reference signals (PRS, full-band),
· User-specific demodulation reference signals (DM-RS, for Transmission Mode 8-10, present only within the allocation),
· CSI reference signals including ZP CSI-RS and NZP CSI-RS/CSI-IM (full-band).
With the shorter TTI, backward compatibility is the key requirement as stated in the SID in RP-150465 [1]. To avoid the performance impact to the legacy UE, it is expected that the legacy reference signals such as PSS/SSS, CRS, PRS, DRS and ZP and NZP CSI-RS still need to be present. As these signals need to be anyhow present for legacy UEs as well as UEs not configured for sTTI operation, these signals 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 to provide latency reduction. In order to reach the design target of significantly reducing the packet data latency over the LTE air interface as captured in the SID in [1], enhancements to at least the downlink data channels (PDSCH) as well as the related applicable physical control channels ((E)PDCCH) are needed, which are directly involved in packet transmission for active RRC Connected UE. We see that the enhancements on these channels should be the central part of sTTI studies in the DL direction. Furthermore, by considering the backward compatibility and minimizing the impact to the legacy UE, no changes are expected to legacy (E)PDCCH structure. Moreover, mechanisms as cell search, initial access etc. should be based on the legacy TTI operation as stated above. As a consequence, we propose the RAN1 to focus on studies related to PDSCH and (E)PDCCH for shorter TTIs: 
Proposal-3: The shortened TTI downlink studies should focus on the required enhancements to PDSCH and (E)PDCCH.
In legacy, PHICH with fixed HARQ timing (n+4) is present in the PDCCH downlink control region of each legacy TTI. But with sTTI, the traditional PDCCH region will not be available for each sTTI and so the legacy PHICH. Therefore, PHICH would need to be enhanced to support non-adaptive sTTI UL HARQ operation. 
On the other hand, asynchronous HARQ UL operation discussed in the LAA context, as well as adopted already for eMTC, could be utilized. Additionally, asynchronous UL HARQ operation could simplify the potentially dynamic transitions between legacy TTI and shortened TTI transmissions. Furthermore, asynchronous UL HARQ provides the possibility for further delay reduction by faster eNB processing. From our perspective, we think that asynchronous UL HARQ for sTTI might be of an advantage. For more discussion and our related proposals on UL HARQ please refer to our companion contribution [4].  
Proposal-4: Asynchronous HARQ operation could be utilized for sTTI operation which would require no need to study sTTI enhancements for PHICH.

3. On necessary enhancements of downlink control  
This section briefly discusses some of the enhancements necessary for TTI shortening, focusing specifically on downlink control operation.
Considering downlink control signaling, LTE supports PDCCH using the full bandwidth time domain multiplexing with PDSCH and EPDCCH using only a few configured PRBs with frequency domain multiplexing with PDSCH. 
As noted in our companion contribution [2], we believe that frequency domain multiplexing of UEs scheduled with legacy 1ms TTI and shorter TTI operation is required. This includes the related DL control for sTTI and therefore the EPDCCH principle of frequency domain multiplexing of data and control can be considered as a starting point for related scheduling considerations for shortened TTI operation. This is also shown in an example illustrated in Figure 1, where the legacy 1ms DL TTI is divided into two shorter TTIs and FDM of legacy 1ms TTI PDSCH/(E)PDCCH and sTTI containing sPDSCH/s(E)PDCCH. In the first slot, the sTTI UE could take advantage of the legacy PDCCH region to schedule the shortened PDSCH (denoted with sPDSCH) in order to avoid additional control channel overhead for sTTI operation in the first slot. And when it comes to the second slot, a shortened s(E)PDCCH could be utilized in order to schedule the shortened PDSCH in the second slot. 
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Two alternatives for some shortened DL control channel are sketched in Figure 1: 1) shortened PDCCH type (sPDCCH), and 2) shortened EPDCCH type (sEPDCCH). PDCCH by definition utilizes the full channel bandwidth of a legacy LTE carrier and TDM multiplexing is used between control & data. The same principle could be used also for sPDCCH where some wider band short DL control region is time multiplexed with sPDSCH but at the same time frequency multiplexed with legacy PDSCH & EPDCCH, as illustrated in Figure 1. In contrast to legacy PDCCH operation, a restricted amount of frequency domain resources need to be configured for sPDCCH for the UE similarly as for legacy EPDCCH, because full carrier bandwidth transmission of sPDCCH would not be compatible with the legacy co-existence requirement. The length of the sPDCCH region (in number of OFDM symbols) could be similarly configured in case some sPCFICH for sPDCCH would not be specified. Unlike for sPDCCH, for sEPDCCH there is a full frequency domain multiplexing with legacy EPDCCH, PDSCH and sPDSCH operation envisioned (i.e. no mix of TDM and FDM as in case of sPDCCH), and the configuration principles of EPDCCH sets could be directly reused also for the sEPDCCH. 
Looking at the amount of needed resources for sTTI operation compared to legacy operation, sPDCCH will require more symbols in time domain than legacy PDCCH to provide same control capacity. This is being a consequence of the smaller bandwidth of sPDCCH. Similarly, more PRBs will be needed for an sEPDCCH set compared to legacy EPDCCH set due to the reduced number of OFDM symbols available for sEPDCCH. 
The main difference between sPDCCH and sEPDCCH comes into play when considering the coexistence with legacy operation. The needed bandwidth to accommodate sPDCCH compared to sEPDCCH for the same control channel resources is larger (due to the TDM operation, as also shown in Figure 1), which will clearly limit the FDM multiplexing capabilities for sPDCCH (larger bandwidth to be FDMed with legacy) compared to sEPDCCH. Therefore, sEPDCCH type of control channel resource allocation in this respect seems to be the better design option considering flexible resource utilization between legacy TTI and sTTI operation. This becomes even more prominent when considering the option to configure more than one EPDCCH set (and several different sEPDCCH sets for different UEs) compared to a single wideband sPDCCH.
Observation-1: sEPDCCH provides more flexibility for FDM with legacy users compared to sPDCCH.
Another consideration when comparing sPDCCH and sEPDCCH is the effect of the control channel decoding delay. Clearly, TDM multiplexing of sPDCCH enables the UE to start the control channel decoding earlier compared to sEPDCCH, which can only start after all symbols of the sTTI are received. This advantage might be visible more for the slot-level sTTI case illustrated in Figure1. However, for shorter TTI lengths, such as 2-symbol sTTI, this advantage will not be valid any longer as sPDCCH and sEPDCCH start to look the same. In this respect, considering a control channel resource allocation principle given by sEPDCCH (FDM between sTTI control channel and PDSCH) seems to be the generically applicable solution here.
Looking at the reference signal used for DL control decoding for sTTI, also sEPDCCH may operate on CRS ports as legacy PDCCH does, which would provide smaller overhead (no additional DM-RS needed), better robustness towards higher speeds and a shorter decoding time (as CRS channel estimate may be available prior the sTTI arrival). Alternatively, DM-RS based demodulation of sPDCCH could be considered – but this would result in even higher DM-RS overhead, as in a single TTI the DM-RS for sPDCCH and sPDSCH would both need to be multiplexed. 
Based on the discussions above, we think that using EPDCCH type of FDM between control and data (i.e. sEPDCCH control region) combined with PDCCH type of modulation (using CRS based demodulation and SFBC type of modulation) could provide a reliable, generally applicable solution for downlink control operation of variable considered sTTI lengths. 
Proposal-5: Consider shortened EPDCCH (sEPDCCH) type of operation (i.e. through frequency domain multiplexing with legacy and short PDSCH) combined with CRS-based demodulation (borrowed from PDCCH operation) for sTTI downlink control channels.  

Compared to legacy EPDCCH, the shortened sEPDCCH has shorter duration which also may require some frequency domain extension as discussed already above (i.e. more PRBs or REs in a sTTI required for a sEPDCCH set compared to the legacy EPDCCH set). This combined with the fact that sEPDCCH can be based on CRS-based SFBC demodulation (as in case of PDCCH) might require considerations on sEREG, sECCE etc. mapping for sEPDCCH based sTTI operation. 
Observation-2: Studies are needed on the definition of sEPDCCH in terms of number of PRBs or REs per sEPDCCH set, RE/EREG/ECCE mapping as well as the applicable aggregation levels.

4. On necessary enhancements for data transmission
Now looking at the shortened PDSCH (sPDSCH) operation, we focus our initial investigations on the reference signal utilization for demodulation. 
Considering the DL reference signal from demodulation perspective, there are two alternatives with either cell-specific RS (CRS) or UE-specific RS (i.e. DMRS). Again from the backward compatibility point of view, the CRS will need to be present and transmitted anyway. Therefore, the straightforward utilization of CRS for sTTI demodulation and support of CRS-based Transmission schemes should be a baseline. The UE-specific DMRS has less constraints with backward compatibility requirements as it is only present in actually PRBs or REs scheduled with legacy DMRS based Transmission schemes. 
However, to support sTTI operation for DMRS-based transmission schemes, a new DMRS pattern might be need to be defined for sTTI. To reduce the overhead impact, new DMRS patterns could be considered with lower DMRS RE density either in frequency or time. However it should be ensured that the new DMRS pattern will guarantee reliable channel estimation also for cell-edge UEs as well as for UEs of moderate speed. To verify that new DMRS patterns provides actual benefits in terms of throughput especially for very short sTTIs, a comparison of DMRS-based transmission schemes against the CRS-based transmission schemes by considering the performance, overhead impact and required specification efforts will be needed. 
An earlier contribution [8] argues that the quality of the channel estimate, reusing the legacy pattern from TM8-10, depends only on the number of REs used for channel estimate. Indeed, PRB bundling could partly compensate for halved amount of REs per PRB. However, it should be as well noted that e.g. the DM-RS legacy pattern in a single slot for slot-based TTI operation is incapable of proper channel tracking in time. Therefore, the robustness in terms of UE speeds will require new DM-RS design considerations.
Observation-3: DMRS pattern redesign for supporting DM-RS based PDSCH demodulation would be at least needed for sTTI lengths shorter than one slot. For slot-level, the current legacy DM-RS pattern can be used. However, worse channel estimation performance can be expected due to reduced number of DM-RS REs per PRB, as well as pattern’s inability to track the channel in time.

We would like to summarize our discussions on CRS vs DM-RS based transmission modes here with the following related observations and proposal:
Proposal-6: CRS-based downlink transmission modes should be supported with sTTI and utilized as baseline reference.
Observation-4: The support of DMRS based PDSCH requiring DMRS enhancements would need to be justified by evaluating performance, overhead, and the required specification efforts compared to CRS-based PDSCH operation. 

4. Conclusions
In this document, we discussed the needed enhancements in downlink direction in order to enable shortened TTI operation for latency reduction. 
Based on the discussion in this contribution, we make the following observation and proposals:
· Proposal-1: No need to study sTTI enhancements for PBCH as legacy PBCH 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: The shortened TTI downlink studies should focus on the required enhancements to PDSCH and (E)PDCCH.
· Proposal-4: Asynchronous HARQ operation could be utilized for sTTI operation which would require no need to study sTTI enhancements for PHICH.
· Observation-1: sEPDCCH provides more flexibility for FDM with legacy users compared to sPDCCH.
· Proposal-5: Consider shortened EPDCCH (sEPDCCH) type of operation (i.e. through frequency domain multiplexing with legacy and short PDSCH) combined with CRS-based demodulation (borrowed from PDCCH operation) for sTTI downlink control channels.  
· Observation-2: Studies are needed on the definition of sEPDCCH in terms of number of PRBs or REs per sEPDCCH set, RE/EREG/ECCE mapping as well as the applicable aggregation levels.
· Observation-3: DMRS pattern redesign for supporting DM-RS based PDSCH demodulation would be at least needed for sTTI lengths shorter than one slot. For slot-level, the current legacy DM-RS pattern can be used. However, worse channel estimation performance can be expected due to reduced number of DM-RS REs per PRB, as well as pattern’s inability to track the channel in time.
· Proposal-6: CRS-based downlink transmission modes should be supported with sTTI and utilized as baseline reference.
· Observation-4: The support of DMRS based PDSCH requiring DMRS enhancements would need to be justified by evaluating performance, overhead, and the required specification efforts compared to CRS-based PDSCH operation. 
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