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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]The study item on Latency reduction techniques [1] approved at RAN#67 aims at significantly reducing the packet data latency over the LTE Uu air interface for an active UE and the packet data transport round trip latency for UEs in connected state.  
From a RAN1 perspective, this can be achieved through TTI shortening and reduced processing time. From RAN1#83, the following areas are studied:
· 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).
Due to TTI shortening and depending on the sTTI lengths which will be supported, reference signal redesign may be desirable in order to keep good channel estimation performance, or in some cases even mandatory (e.g. very short TTI lengths).
Discussion
Up to Rel. 13, LTE uplink employs a fixed TTI length of 1ms with 12/14 SC-FDMA symbols for extended/normal CP. Pilot design follows the pattern shown in Figure 1. 
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[bookmark: _Ref441221531]Figure 1 – UL RS design for PUSCH in LTE/LTE-A with normal CP
Chosen pilot design is motivated by channel estimation performance requirements, but also by the specific characteristics of the PUSCH SC-FDMA waveform. 
Multiple reference signal sequences are defined from a single base sequence consisting in a Zadoff-Chu sequence as defined in [2]. These sequences are constant amplitude zero autocorrelation (CAZAC) sequences having thus a low PAPR. Inserting a reference signal sequence onto part of the subcarriers of a data SC-FDMA symbol breaks the single-carrier property of the symbol. This consideration led to a design using full reference signal symbols and full data symbols.
Finally, the presence of two reference signal symbols within a TTI is useful for tracking time-varying channels and for fine frequency offset estimation.
UL RS design criteria for sTTI
Several problems related to UL RS design arise when shortening the TTI length. 
Special care must be taken not to degrade the channel estimation performance, and in some cases increasing the pilot density in the time-domain might be necessary [3].
Current design with full RS symbols leads to an excessive RS overhead, especially in the case of very short sTTI lengths (1,2 SC-FDMA symbols). For longer sTTI lengths (4, 7 SC-FDMA symbols), a design with 2 UL RS per sTTI would allow keeping good channel estimation performance in mobility scenarios, but RS overhead may also become too important.
Sharing UL RS between several consecutive sTTIs (given that the resource allocation remains the same for a UE along several sTTIs) reduces the latency gain for the sTTIs placed before the UL RS and may also cause performance degradation due to channel estimation errors induced by time interpolation. Thus, UL RS for sTTI should remain self-contained in order to allow latency reduction.
It seems necessary to relax the constraint of keeping separate data and RS OFDM symbols. When mixing data subcarriers and RS subcarriers in the same OFDM symbol, the target PAPR should be similar to that of SC-FDMA [4].
Observation 1: 
Design criteria for UL RS for sTTI should take into account:
· Self-contained RS in order to allow latency reduction
· Mixed data and RS subcarriers in the same symbol to preserve channel estimation performance and acceptable RS overhead
· Specific design to target SC-FDMA-like PAPR

Low PAPR hybrid data/pilot symbol
Scattered pilot patterns (similar to, e.g., CRS patterns used in DL transmission), well suited for OFDM systems, are not compatible with the low PAPR properties of SC-FDMA. The irregular mapping of the data-bearing remaining subcarriers strongly degrades the PAPR of the hybrid data-pilot symbol when SC-FDMA is used. A regular design interleaving data and UL RS [5] is more appropriate in SC-FDMA systems.
A pilot design mixing in a regular manner data subcarriers and RS-bearing subcarriers to form a hybrid data/pilot symbol  can be adapted to fit the design criteria for sTTI UL RS. 
We propose a hybrid data/pilot symbol, half data - half RS, with interleaved subcarrier mapping as for example in Figure 2. The regular spacing of the data subcarriers allows keeping an SC-FDMA signal for the data part. The RS part remains a Zadoff-Chu (ZC) sequence half the length of the full UL RS used for legacy TTI, with low PAPR. 
The hybrid symbol can be mathematically described as the sum between the data and the pilot parts.


Data part of the proposed hybrid data/pilot symbol is a SC-FDMA symbol carrying /2 modulation symbols, precoded by a DFT of size /2 and mapped every other active subcarrier. Distributed carrier mapping insures single-carrier PAPR of the data part.

Pilot part can be a RS sequence as specified in [2], with length .
Interleaved subcarrier mapping between the data and the pilot part limits the PAPR of the sum hybrid symbol.
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)Further decreasing the pilot density within an OFDM symbol leads to irregular subcarrier mapping of the data part, breaking the single-carrier property and further increasing the resulting PAPR.

[bookmark: _Ref441252733]Figure 2 – UL RS grid for sTTI, an example for sTTI = 7 OFDM symbols, normal CP

PAPR evaluation of proposed UL RS design
In order to evaluate the envelope variations of different signals, we use the CCDF of the instantaneous normalized power (INP). The CCDF of INP indicates the probability that the INP at a sample level exceeds a certain threshold γ2. In order to have a good approximation of the signal after digital to analogue conversion, the signal must be oversampled at least 4 times [6] before any evaluation of the envelope fluctuations.
Figure 3 presents the CCDF of INP for the ZC sequence (full pilot symbol), SC-FDMA (full data symbol), the proposed hybrid symbol, a scattered symbol mixing 1 pilot subcarrier within data subcarriers every 3 subcarriers, and OFDMA. 
The hybrid symbol exhibits limited PAPR. It enables the use of very short TTI (1-2 symbols) with non-prohibitive RS overhead. It potentially improves channel estimation performance with respect to a full pilot design when longer sTTI is employed (4-7 symbols). We propose to investigate hybrid half data/half RS symbols for UL RS design for sTTI.
Channel estimation improvement needs to be evaluated. The necessity of further reducing the PAPR of the hybrid symbol needs to be further evaluated.
Observation 2:
The hybrid symbol presents limited PAPR. It enables the use of very short TTI (1-2 symbols) with non-prohibitive RS overhead. It potentially improves channel estimation performance with respect to a full pilot design when longer sTTI is employed (4-7 symbols).

Proposal: 
Investigate hybrid half data/half RS symbols for UL RS design for sTTI. 
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[bookmark: _Ref442200387]Figure 3 – CCDF of the instantaneous normalized power for interleaved data/pilot patterns

Conclusions
Observation 1: 
Design criteria for UL RS for sTTI should take into account:
· Self-contained RS in order to allow latency reduction
· Mixed data and RS subcarriers in the same symbol to preserve channel estimation performance and acceptable RS overhead
· Specific design to target SC-FDMA-like PAPR
Observation 2:
The hybrid symbol presents limited PAPR. It enables the use of very short TTI (1-2 symbols) with acceptable RS overhead. It potentially improves channel estimation performance with respect to a full pilot design when longer sTTI is employed (4-7 symbols).
Proposal: 
Investigate hybrid half data/half RS symbols for UL RS design for sTTI. 
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