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1. Introduction
Latency reduction for LTE has become a very important aspect for LTE evolution. First, as reflected in [1]

 REF _Ref442429713 \r \h 
[2], reducing the TTI length can increase the throughput performance of TCP in the upper layers by reducing the impact of TCP slow start, which is a major limiting factor for small size packets. Furthermore, reducing the air interface latency of LTE can enable a new, emerging category of services known as ultra-low latency and mission critical traffic. Such new services were identified as very important for use cases such as vehicular networks, among others, in the 5G White Paper published by the NGMN alliance [3].

Air interface latency in LTE is determined, among other factors, by the duration of the transmission time interval (TTI), or minimum time scheduling unit, which equals 1 millisecond. Reducing the TTI to one slot (0.5ms), or even further to one or more symbols, can achieve a significant reduction in latency. However, reducing the TTI in uplink transmissions may require increasing the density of reference signals. 
In this document we discuss possible reference signal formats for short TTI transmission in the uplink.

2. Aspects to Consider for Uplink Short TTI DM-RS
In LTE, 2 symbols are reserved for uplink DM-RS reference signal transmission within each subframe, one at the center of each slot, as shown in Figure 1. 
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Figure 1. LTE uplink DM-RS location.
The current DM-RS pattern allows a self-contained channel estimation and signal demodulation within one TTI. However, as the TTI size is reduced from 14 symbols to 7, 4, 3, 2, or 1 symbols, the amount of reference signals may be insufficient and the demodulation performance may be impacted. For example, when the TTI size is reduced to 7 symbols, only one DM-RS symbol per TTI is available, reducing the amount of energy available for channel estimation. If the TTI size is reduced further, then the number of DM-RS symbols is not sufficient and some TTI do not have a DM-RS signal.
In addition to the possibility of having insufficient DM-RS symbols for channel estimation, the resulting pilot signal energy distribution may not be optimal, since it is not evenly distributed in the time-frequency plane. Moreover, for one symbol TTI, it is not possible to use the current DM-RS signal format, since all resources would be occupied by reference signals and no data transmission would be possible.

Observation 1: In order to support shortened TTI transmission in the uplink, the following considerations arise:

· The density of DM-RS signal may not be sufficient to provide sufficient channel estimation quality for 7-symbol TTI. If the TTI is shortened to less than 7 symbols, more DM-RS symbols per subframe are necessary. 

· The energy distribution of current pilot signals may not be optimal, since it is not evenly distributed over the time-frequency plane of the transmitted signal. 

· If a 1-symbol TTI is used, data and reference signal must be multiplexed in the frequency domain.

In addition to the aspects above, DM-RS signal for short TTI should be optimized to minimize latency and overhead. In order to minimize latency, it may be beneficial to place reference signals at the beginning of the TTI, so that channel estimation can start earlier and processing delay may be reduced. However, this may come at the cost of a performance penalty since the maximum distance between pilot symbols and data symbols in a given TTI increases. 
Observation 2: In order to reduce receiver processing delay, DM-RS symbols may be placed at the start of the short TTI, rather than in the middle.

DM-RS overhead may be a serious issue for shortened TTI, particularly for the 1-symbol and 2-symbol TTI options. In order to minimize such overhead, adaptive DM-RS transmission may be used. For instance, if a given UE is scheduled for several consecutive TTI, DM-RS symbols may appear at the first TTI and then may be replaced by data in the following TTI, or appear with reduced density. This approach may be part of a more general TTI adaptation scheme, where several short TTI may be bundled (scheduled) together, or may simply apply to consecutive short TTI. 

Observation 3: In order to reduce DM-RS overhead, adaptive DM-RS transmission may be used, by reducing the density of DM-RS symbols for consecutive scheduled TTI.
3. DM-RS Patterns for Short TTI Transmission
When TTI duration is reduced below 7 symbols, it becomes necessary to modify the LTE uplink DM-RS pattern. In particular, it is desirable to have a more granular reference signal design, where not all sub-carriers in a DM-RS symbol are used for pilot transmission. In order to achieve this goal, data and reference signal must be multiplexed. In fact, for 1-symbol TTI, it is necessary to multiplex data and pilot symbols. Several options may be considered: 
1. Frequency domain data/pilot multiplexing: In this option, in the sub-carrier mapping operation some sub-carriers are reserved for data transmission and some for pilot transmission. In this case pilot sub-carriers may be directly used for channel estimation, since reference symbols are separated from data by the receiver DFT operation.
2. Time domain data/pilot multiplexing: With this option data and reference symbols are multiplexed before the transmitter DFT spreading operation. This approach may lead to more complex receiver channel estimation, since data and pilot signals are overlapped in the frequency domain.
3. Reduced symbol duration: by halving the symbol duration a 1-symbol TTI turns into a 2-symbol TTI, and sub-carrier spacing is doubled, e.g. from 15 kHz to 30 kHz.  Data and reference signal may then be multiplexed in the time domain. 
4. OFDM modulation: As another option, OFDM modulation may be used and then some sub-carriers can be simply allocated for reference signals, as in the current LTE downlink.
We note that the first two options may be more feasible for LTE evolution due to a lesser specification impact. Illustrative examples of possible DM-RS patterns for 1-symbol TTI and 7-symbol TTI are provided in Figure 4. 
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a) DM-RS location for options 1 and 4.
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b) DM-RS location for option 2.
	[image: image4.emf]0

1 slot TTI 1 symbol TTI

1

0 1 2 3 4 5 6 7 8 9

1

0

1

1

1

2

1

3


c) DM-RS location for option 3.


Figure 3. Illustration of different options for short TTI DM-RS design. Solid fill denotes reference signal; no fill denotes data; pattern fill denotes overlapped data and reference signal. Diagrams represent the frequency domain of an uplink LTE signal.
Data and reference signal multiplexing provides more flexibility in the allocation of reference signals, and patterns can be defined that reduce the mean square error of channel estimation after applying the suitable interpolation method. Some examples are given in Figure 4.

[image: image5.emf]TTI

TTI


Figure 4. Example patterns of multiplexed pilot and data symbols.

4. Conclusions
In this document we discuss the implications of shortened TTI on uplink DM-RS signals. It is observed that current DM-RS signal density may be insufficient for the smaller TTI sizes. Moreover, it is noted that data and reference signal multiplexing may be a possible approach for smaller TTI sizes. Several approaches for data and reference signal multiplexing are provided.

The following observations summarize the discussion:  

Observation 1: In order to support shortened TTI transmission in the uplink, the following considerations arise:

· The density of DM-RS signal may not be sufficient to provide sufficient channel estimation quality for 7-symbol TTI. If the TTI is shortened to less than 7 symbols, more DM-RS symbols per subframe are necessary. 

· The energy distribution of current pilot signals may not be optimal, since it is not evenly distributed over the time-frequency plane of the transmitted signal. 

· If a 1-symbol TTI is used, data and reference signal must be multiplexed in the frequency domain.

Observation 2: In order to reduce receiver processing delay, DM-RS symbols may be placed at the start of the short TTI, rather than in the middle.
Observation 3: In order to reduce DM-RS overhead, adaptive DM-RS transmission may be used, by reducing the density of DM-RS symbols for consecutive scheduled TTI.
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