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1 Introduction
The study Item “Study on latency reduction techniques for LTE” [1] targets at significantly reducing the packet latency over the LTE Uu air interface for an active UE. One of the objectives identified for the RAN1 studies is to assess the specification impact and study the feasibility and performance of TTI lengths between 0.5 ms and one OFDM symbol, taking into account the impact on reference signals and physical layer control signaling. 

In this document, we discuss potential specification impact to support a shortened TTI (S-TTI) length, focusing on TBS determination, reference signal design and DL control signaling.
2. Discussion
2.1 TBS determination 

S-TTI spans fewer OFDM symbols for data transmission than the legacy TTI. The TBS in S-TTI needs to be properly adjusted to account for the reduced number of OFDM symbols available for S-PDSCH transmission. 
As of Rel-12, two scaling factors have been specified for different special subframe configurations (i.e., 0.375 for configuration 9 and a common factor of 0.75 for all other configurations) to determine the TBS of PDSCH in DwPTS. The same mechanism can be applied for TBS handling in S-TTI, e.g., by defining one appropriate TBS scaling factor for each S-TTI length. The exact values of the scaling factors need to be further investigated taking into account the CRS/DMRS REs.  
Proposal 1: Further investigate how to define scaling factors for different S-TTI lengths.
2.2 Reference signal
2.2.1 Cell-specific Reference Signals
One objective of low latency enhancements [1] is to support backward compatibility. This implies that up to four CRS for four antenna ports are transmitted in every DL subframe and in every RB in frequency. In [2], we studied the 1-symbol S-PDSCH performance in CRS-based transmission mode 3 and showed that it is practical and desirable to use long-term channel filtering on CRSs before the end of the S-TTI to guarantee the channel estimation performance for S-PDSCH. 
In this contribution, we further evaluate the link-level performance of S-PDSCH with other S-TTI lengths, including 2-symbol, 3-symbol and 7-symbol S-TTI. In addition, the PDSCH performance of the legacy TTI length (i.e., 14 symbols) is shown for reference purposes. In the simulations, it was assumed  CRS-based TM4 transmission and MCSs corresponding to QPSK R=1/2, 16QAM R=3/4, 64QAM R=5/6 according to the evaluation methodology WF [3]. Note that channel estimation is implemented based on LMMSE using CRS in the previous subframe and CRS in the present DL subframe preceding the S-PDSCH. The BLER values resulting from different S-TTIs are averaged and used as a measure of the link level performance. The TBS in an S-TTI is determined in proportion to the actual RE number for S-PDSCH transmission excluding the CRS REs.  

Details on other simulation assumptions are listed in Table 1 in the Appendix.
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Figure 1:  S-PDSCH demodulation performance, EPA, 3km/h, 50 PRBs, rank 1
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Figure 2:  S-PDSCH demodulation performance, ETU, 60km/h, 50 PRBs, rank 1
Figure 1 and Figure 2 illustrate the throughput and BLER results for different S-TTI lengths with rank 1 transmission.  From the figures, it can be seen that legacy TTI outperforms S-TTIs in the high-SNR regime when the ETU model is used. In particular, the BLER for 64QAM reaches an error floor for S-PDSCH for the ETU channel model. This is primarily due to the fact that the number of available CRSs for channel estimation and the distance between CRS symbols and the S-PDSCH symbols are quite different compared to the legacy TTI, which results in a degraded channel estimation quality for some S-TTIs. 
At the low and median coding rate and low freqeuency offset, this effect is small and the detection performance is negligible. However, when both UE speed and MCS increase, the channel estimation quality becomes more important and, therefore, S-TTI is inferior to the legacy system. For all other simulated scenarios, the throughput and BLER performance of different TTI lengths are very similar to each other.
Observation 1: S-PDSCH with CRS-based TMs shows comparable performance in low mobility scenarios and provide a means for reduction of the channel estimation processing time at the UE.
Taking into account the benefits of CRS in terms of channel estimation performance, low latency processing and no additional RS overhead, CRS-based transmission schemes should be considered as a baseline for S-PDSCH support.
Proposal 2: CRS-based transmission schemes are considered as baseline for S-PDSCH.
Note that certain processing relaxation for CRS-based transmission schemes needs to be studied to meet the latency target. For example, for the serving cell with 4 CRS ports, the S-PDSCH transmission especially for open loop schemes can be based on CRS antenna ports 0 and 1, which would help to reduce the processing burden for channel estimation and precoding operation, compared to the transmission scheme with 4 CRS ports.
Proposal 3: For a serving cell with 4 CRS ports, consider S-PDSCH transmission based on the first two ports (0, 1) to further relax the channel estimation processing time.

2.2.2 UE-specific Reference Signal
DMRS-based transmission modes were introduced in Rel-8 and Rel-9 to support beamforming with more than four transmission antennas. In Rel-10, TM9 and TM10 were introduced as key modes to support different DL operations including SU-MIMO, MU-MIMO, ePDCCH, CoMP etc. DMRS-based transmission is further extended for elevation beamforming/FD-MIMO, which is being specficied as part of LTE Rel-13. In light of these features, DMRS-based TMs should be also considered for S-TTI. 
Proposal 4: DMRS-based transmission schemes can be additionally considered for S-PDSCH. 
In general, DMRS resources are taken from REs that could be otherwise used for S-PDSCH transmission. As of Rel-13, the DMRS pattern supporting up to two layers is 6 REs per RB, which are evenly placed on 3 subcarriers in frequency over 2 contiguous REs in the time domain. This corresponds to 7% of the available radio resources in one RB. With support of up to 8 layers, the number of DMRS REs is increased to 12 per RB which leads to 14% overhead.  

The exising DMRS pattern can be reused for S-TTI of two symbols length or more for up to rank 4 S-PDSCH transmission as each DMRS RE set spans two consecutive symbols. Certain minor modifications are required to avoid collision with CRS by shifting DMRS REs in frequency domain. Link-level evalution was conducted for the DMRS patterns shown in Figure 3 with different MCS values using the EPA channel model. 
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Figure 3: DMRS patterns for different S-TTI lengths in simulations

Figure 4 presents the BLER performance for a single layer S-PDSCH transmission. From the simulation results, it can be observed that the legacy DMRS pattern provides comparable performance in all the scenarios with the EPA channel model. Further studies are needed to investigate the S-TTI performance when other channel models are used. 
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Figure 4:  S-PDSCH demodulation performance, EPA, 3 km/h, 50 PRBs, rank 1

For 2 symbol S-TTI, reusing the Rel-10 DMRS pattern would result in large RS overhead (i.e., 25%). Hence, mechanisms to reduce the DMRS overhead need to be investigated. One straightforward approach is to reduce the DMRS density in either frequency or time. For example, when UE is scheduled on the same frequency resource over multiple S-TTIs within one subframe, DMRS symbols transmitted in earlier S-TTIs can be utilized for channel estimation for later S-TTIs assuming the same precoder is applied for those S-TTIs. In addition, the DMRS density in frequency can be also reduced for UEs under favorable channel conditions, e.g., in frequency non-selective channels. 
Proposal 5: Further study the DMRS design options for S-TTIs considering both overhead and channel estimation performance. 
In order to reduce the latency for DMRS-based S-PDSCH, transmission of DMRS REs at the beginning of the S-TTI is preferable. In addition, it is desirable to share the DMRS used for S-PDCCH with S-PDSCH if these two channels are close to each other in both frequency and time domain. 

Proposal 6: A shared DMRS in the first symbols of S-TTI can be used for demodulation of one S-PDCCH and the associated S-PDSCH to reduce DMRS overhead.  

2.3 DL control signaling 
To achieve low latency, it is desirable to allocate one S-PDCCH in each S-TTI so that eNB can timely schedule DL and UL transmissions if needed. The location of S-PDCCH in relation to the corresponding data will have impact on the receiver processing time. Transmitting the S-PDCCH at the beginning of an S-TTI can allow UE to decode DL scheduling assignments as early as possible, which would help reduce the data decoding processing time and, thus, the overall packet latency. 

Proposal 7:  The S-PDCCH region is located at the beginning of an S-TTI.

Another design issue regarding the control channel design is how to minimize the control signaling overhead so as to improve the spectrum efficiency, while maintaining scheduling flexibility for resource allocation.  

The number of REs required for a certain S-PDCCH depends on the DCI payload size. In order to limit the payload of DCI on S-PDCCH and leverage the available legacy control region, certain information can be transmitted using the existing DCI. More specifically, some control information can be transmitted once per legacy subframe using the legacy control region and the remaining information may be transmitted on S-PDCCH. These two parts can be jointly used by the UE for S-TTI demodulation.

Proposal 8: The information on S-TTI can be provided to the UE in two DCIs transmitted in the legacy PDCCH and an S-PDCCH. 
Another way to reduce the DCI payload size is to reduce the resource granularity of S-PDSCH transmission. Usage of the existing resource allocation granularity (i.e., 1 or 2 RBs) for PDSCH transmission may lead to considerable control overhead, e.g., due to RLC segmentation (e.g., inserting RLC/MAC header and extra 24 CRC bits to each TB), which is not suitable for S-TTI operation. The S-TTI length dependent granularity for resource allocation would not only reduce the DCI format size on S-PDCCH, but also effectively avoid unnecessary segmentations for a given payload size of the TB. 

Proposal 9:  Resource assignment granularity should be reduced for TTI shortening to reduce DCI format size. 

3. Conclusions
In this contribution, we discussed various aspects for shorten TTIs operation and provided preliminary simulation results with respect to PDSCH performance in a S-TTI based on CRS and DMRS. 

Based on the discussions, we have the following observations and proposals:
Observation 1: S-PDSCH with CRS-based TMs shows comparable performance in low mobility scenarios and provide a means for reduction of the channel estimation processing time at the UE.
Proposal 1: Further investigate how to define scaling factors for different S-TTI lengths.
Proposal 2: CRS-based transmission schemes are considered as baseline for S-PDSCH.
Proposal 3: For a serving cell with 4 CRS ports, consider S-PDSCH transmission based on the first two ports (0, 1) to further relax the channel estimation processing time.

Proposal 4: DMRS-based transmission schemes can be additionally considered for S-PDSCH. 
Proposal 5: Further study the DMRS design options for S-TTIs considering both overhead and channel estimation performance. 
Proposal 6: A shared DMRS in the first symbols of S-TTI can be used for demodulation of one S-PDCCH and the associated S-PDSCH to reduce DMRS overhead.  

Proposal 7:  The S-PDCCH region is located at the beginning of an S-TTI.

Proposal 8: The information on S-TTI can be provided to the UE in two DCIs transmitted in the legacy PDCCH and an S-PDCCH. 
Proposal 9:  Resource assignment granularity should be reduced for TTI shortening to reduce DCI format size. 
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Appendix – Simulation assumptions
Table 1 Simulation assumptions

	Parameter description
	Value / Comment

	Transmission Bandwidth
	10MHz

	Channel Model
	EPA, ETU

	Number of Tx antennas
	2

	Number of Rx antennas
	2

	Receiver Type
	Linear MMSE

	Allocation Size 
	50 PRBs 

	Transmission mode
	TM4/TM9, Rank 1

	Modulation and code rate
	64QAM 5/6, 16QAM 3/4, QPSK 1/3

	Rank adaptation
	Fixed Rank

	Link adaptation
	Disabled

	HARQ retransmission
	Disabled 
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