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In this contribution, we provide our views on the physical layer design for TTI shortening for downlink transmissions. We describe how to extend the design for PDSCH with a shortened TTI length and also the design of a short PDCCH channel. 
Discussion
The packet latency can be reduced with a reduction of transport time of data and control by addressing the length of a TTI. The length of TTI has an impact on both the time for transmitting over the air and the processing time at the transmitter and the receiver. The length of a downlink TTI can be reduced, as compared to the 1ms subframe in LTE pre-Release 14, by defining the TTI to be constructed of less than 14 OFDM symbols. In downlink, the shortened TTI spans from 0.5ms down to 1 OFDM symbol.
Downlink shared channel
Transport Block Size for short TTIs
The TBS (Transport Block Size) tables for PDSCH are specified in 3GPP TS 36.213, section 7.1.7.2. Reuse of existing TBS tables implies minimum modifications for standardization specifications. Reusing the existing TBS tables also implies that the desired properties required for practical implementation are all kept for TBS determination with short TTIs. These properties include, for example,
· TBS is an integer number of bytes
· Align with Quadrature Permutation Polynomial (QPP) interleaver size
· Common payloads, e.g., RRC signaling messages and VoIP, can be transmitted without padding
· The same MCS can be used independent of the number of OFDMA symbols included in the TTI. 
[bookmark: _GoBack]To obtain the TBS of this reduced latency PDSCH, the transport block size as listed in 3GPP TS 36.213, section 7.1.7.2, can be rescaled for each MCS (Modulation and Coding Scheme) and number of resource blocks. This rescaling can be done by a factor proportional to the reduction in number of RE with data included in sPDSCH, as compared to legacy PDSCH with 12 data OFDM symbols assumed. Here also the CRS and DMRS REs should be taken into account. After this scaling, an alignment is needed to an integer number of bytes and to the QPP interleaver size.
Observation:
· The TBS for sPDSCH with shortened TTI can be determined by scaling the TBS for legacy TTI with by a factor which is proportional to the reduction of number of user data symbols in relation to legacy TTI.
Proposal:
· Further studies required to evaluate how to scale the TBS for sPDSCH with shortened TTI.
Transmission modes
Another aspect is what transmission mode can be supported for the DL shared channel with shortened TTI. The transmission modes currently defined for PDSCH can be categorized as CRS based TMs and DMRS based TMs depending on which reference signals are used for PDSCH demodulation. TMs 1-6 use CRS for PDSCH demodulation and TMs 7-10 use DMRS for demodulation. We here consider both CRS-based transmission using TM4 and DMRS-base, using TM9. 
CRS-based transmission modes
The existing CRS can be considered to be used also for shortened TTIs. As CRS is not precoded, a UE may average the channel estimate also over legacy subframe borders, leading to channel estimation performance that is comparable with the legacy 1ms TTI. Channel estimation filtering typically includes buffering and filtering a certain amount forward in time. However, having tighter timing constraints, it can be expected that there is some performance degradation when limiting look-ahead in channel filtering. 
DMRS-based transmission modes
DMRS based transmission modes (TM7 and TM8) were introduced in Release 8 and Release 9 to support single-layer and dual-layer beamforming. In later releases, new enhanced DMRS based transmission modes (TM9 and TM10) have been introduced, and DMRS based transmission will be used for elevation beamforming/FD-MIMO, which is has defined in Rel-13. DMRS based transmission does not only allow for downlink beamforming, its flexibility allows implementation of a large number of downlink transmission schemes, such as multi-user MIMO (MU-MIMO) and coordinated multipoint (CoMP) transmission in addition to shared cell (where e.g. a macro cell and multiple remote radio heads share a common cell identity). In light of these features, DMRS based transmission modes should also be considered for shortened TTI. Furthermore, the benefit of the features enabled needs to be considered together with the additional DMRS overhead.
DMRS pattern
The current DMRS density for the case of one or two reference signals supporting up to two layer transmission is 6 REs per resource block. These DMRS symbols are placed on 3 subcarriers in frequency and on the last 2 symbols of each time slot in time (for normal cyclic prefix). The DMRS overhead is therefore 7% of the radio resources. With release 10, support of up to 8 layers there is 12 DMRS REs per resource block, resulting in 14% overhead.
Although it can be discussed how many layers the specification for short TTI transmission should support, the baseline assumption is likely one or two. For up to two layer transmission in current LTE there are DMRS resource elements in the last two symbols in each slot. Hence, it is in principle possible to reduce the TTI to a single slot and re-use existing DMRS resource elements, although the performance will suffer at higher speeds, as will be seen in the evaluations in this paper. However, if the TTI length is reduced further, below one slot, then there will not be any legacy DMRS REs available in all shorter TTIs. 
Since DMRS resources are taken from resource elements that would otherwise be used for PDSCH transmission to a certain UE, the DMRS positions and density may be changed without impact on backward compatibility. 
To design a pattern for short TTIs, the same CDM-based DMRS scheme as in TM8 and TM9 in LTE can be reused. The DMRS spans two symbols and will thus work for TTIs of two symbol length or more. In middle part of Figure 1, the DMRS positions for a TTI length of 2 symbols used in this paper is shown. The legacy frequency placement of DMRS RE cannot be re-used, as collision with CRS must be avoided.






  
[bookmark: _Ref441674147]Figure 1. DMRS placement for TTI of length 7 symbols (left), 2 symbols (middle), and 1 symbol (right).
DMRS overhead reduction
For 2-symbol length TTI, the DMRS would cover all symbols of 3 subcarriers in the resource blocks, thereby leading to a DMRS overhead of 25%. However, as it can be expected that the same UE is scheduled more than one TTI per subframe, DMRS transmission might not be needed each TTI, and the DMRS can be transmitted only when needed, e.g. indicated by a bit in the DL DCI fields.
For single-symbol TTI, a different scheme needs to be designed, only covering one symbol in time. To limit the overhead, it may be enough to support only single layer transmission with 1 symbol TTI. Then, the same DMRS frequency pattern as in 2-symbol TTI can be used. See right part of Figure 1.
Channel estimation performance is expected to depend on the number of resource elements per minimum scheduling unit, the transmit power, as well as the coherence bandwidth and time. Assuming that physical resource block bundling is applied, the terminal can employ averaging in the frequency domain beyond a single resource block. In addition, power boosting may be applied.
Observation:
· The number of DL DMRS resource elements per minimum scheduling unit and the RS power impacts channel estimation performance.
Observation:
· The DMRS DL overhead can be mitigated by not transmitting DMRS in every short TTI when one UE is scheduled multiple times within a legacy subframe.
Proposal: 
· Study further DMRS design options for shortened PDSCH considering both overhead, impact on channel estimation and benefit of features enabled by DMRS. 
Downlink control channel
For the DL short TTI (sTTI) it is important to enable fast scheduling to reach the lowest latencies, as discussed in [1] and [2]. It is proposed that the fast scheduling is done in a short PDCCH channel (sPDCCH) inside the allocation for sTTI transmissions, the DL short TTI band. As discussed in [3] and [4], new DCI formats for DL and UL scheduling information should be defined, with DCI payloads in the order of 50 bits including CRC.
Short PDCCH design
As discussed in [3], the downlink control signaling could be separated into slow and fast DCIs. The slow DCIs give e.g. the frequency allocation of a short TTI band, targeted to one or many UEs, and the fast DCI provides scheduling grants to individual UEs in the short TTI band.
In order to schedule DL and UL transmissions with short delays, it is proposed that each short TTI in DL can carry an sPDCCH. To facilitate fast reception of this control information, it is proposed to include it in the first symbol of each short TTI. To facilitate reuse of both coding and encoding chains, the sPDCCH is proposed to be designed in a similar way as the PDCCH, with aggregation levels of a certain number of CCEs, where each CCE occupies 36 RE. Similarly to PDCCH, the setup simulated in this paper is to have sPDCCH demodulated using CRS. In order to work without requiring CRS transmissions, sPDCCH can be designed based on DMRS demodulation. Since more than one UE may receive control information in the same short TTI (e.g. one UE gets UL and the other UE gets DL scheduling), the sPDCCH can be transmitted with dedicated DMRS, that are used only for control channel demodulation.
Observation:
· The sPDCCH can be transmitted in first symbol of every short TTI.
Observation:
· To support short TTIs with both CRS-based demodulation as well as without dependence on CRS, two different sPDCCH schemes, one CRS-based and one DMRS-based, could be designed, similarly as PDCCH vs EPDCCH.
The RE used for the one or more CCEs are placed in the first symbol of each TTI, within the same frequency resources as assigned to the short PDSCH, which is configured by a slow grant. The exact location of the RE is for further study, but needs to be placed on RE not occupied by e.g. CRS. To gain from frequency diversity, it is also favorable to spread the RE over the short TTI band as much as possible, rather than have them e.g. localized in one end of the band.

Conclusion
In this contribution we discussed our views on the physical layer design for short TTIs in downlink transmissions. The above discussion is summarized with the following observations and proposals:
Observations:
· The TBS for sPDSCH with shortened TTI can be determined by scaling the TBS for legacy TTI with by a factor which is proportional to the reduction of number of user data symbols in relation to legacy TTI.
· The number of DL DMRS resource elements per minimum scheduling unit and the RS power impacts channel estimation performance.
· The DMRS DL overhead can be mitigated by not transmitting DMRS in every short TTI when one UE is scheduled multiple times within a legacy subframe.
· The sPDCCH can be transmitted in first symbol of every short TTI.
· To support short TTIs with both CRS-based demodulation as well as without dependence on CRS, two different sPDCCH schemes, one CRS-based and one DMRS-based, could be designed, similarly as PDCCH vs EPDCCH.
Proposals:
· Further studies required to evaluate how to scale the TBS for sPDSCH with shortened TTI.
· Study further DMRS design options for shortened PDSCH considering both overhead, impact on channel estimation and benefit of features enabled by DMRS. 
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