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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. With the prerequisite of preserving backwards compatibility by allowing operation of normal TTI and sTTI on the same carrier, RAN1 needs to:
· 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 
Due to TTI shortening, reference signal redesign may be desirable in order to keep good channel estimation performance, or even mandatory to enable very short TTI lengths. In the last RAN1#84 it was decided to further study the following two alternatives of sPUSCH DM-RS design:
· Alt.1: DM-RS symbol shared by multiple short-TTIs within the same subframe
· Alt.2: DM-RS contained in each sPUSCH
In this contribution, we assess the advantages and disadvantages of these alternatives.

Discussion
Up to Rel. 13, LTE uplink employs a fixed TTI length of 1ms with 12/14 SC-FDMA symbols for extended/normal CP. Full pilot symbols are employed for avoiding any PAPR increase due to multiplexing data and pilot symbols within an SC-FDMA symbol. The presence of two reference signal symbols within a TTI is useful for tracking time-varying channels and for fine frequency offset estimation.
Multiple reference signal sequences are defined from a single base sequence consisting into a constant amplitude zero autocorrelation (CAZAC) Zadoff-Chu sequence as defined in [2], having thus a low PAPR.

UL RS design criteria for sTTI
Several problems related to UL RS design arise when shortening the TTI length. 
Pilot density in the time domain
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]. 
Especially for TTIs with very short length (1, 2, 3 SC-FDMA symbols), having sTTIs which employ UL DM-RS transmitted outside their sTTI boundary for their channel estimation (given that the resource allocation remains the same for a UE along several sTTIs) raises several problems. If the sTTIs is placed before the UL RS, latency gain is reduced. Also, performance degradation due to channel estimation errors induced by time interpolation arises, and this degradation increases with the time distance between the UL DM-RS and the sTTI placed before/after the UL DM-RS used for channel estimation. Thus, having UL DM-RS contained within the sTTI avoids channel estimation degradation and reduced latency reduction.
For longer sTTIs (4,7 SC-FDMA symbols), having channel estimation based on one single UL DM-RS brings some performance degradation due to channel estimation errors due to the impossibility of tracking time domain channel variations. 
Pilot density in the frequency domain
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.
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 impact on PAPR needs to be considered [4].
Observation 1: 
Channel estimation performance, pilot overhead and PAPR need to be taken into account in UL DM-RS design for sPUSCH.

Alt.1: DM-RS symbol shared by multiple short-TTIs within the same subframe
One alternative is to enable DM-RS sharing between multiple sTTIs [5], [6], [7]. This enables keeping the current UL DM-RS positions (e.g. in OFDMA symbols 4 and 11 for normal CP frames). One advantage is to conserve the current inter-cell interference profile. Nevertheless, since the UL coverage will be reduced for sTTI, this effect is rather limited because UEs employing sTTI will mostly be located near the cell center. Other advantages are no PAPR loss and limited specification effort.
For sTTIs of 7 symbols, current UL DM-RS design would be kept. OCC between the two UL DM-RS needs to be removed. The impact on channel estimation needs to be evaluated, since no time-domain interpolation is possible any longer.
For sTTIs shorter than 7 symbols, DM-RS sharing between multiple short-TTIs within the same subframe can be done as in Figure 1 as proposed in [5], [6], [7]. DM-RS of different sTTIs can be multiplexed in the code or frequency domain. CDM between DM-RS having different sizes leads to orthogonality loss and thus some performance degradation due to channel estimation errors. FDM between UL DM-RS of different sTTIs is a good option. Nevertheless, some performance degradation is to be expected in medium/high mobility scenarios due to the fact that the DM-RS is placed at the sTTI edge. There is very little flexibility concerning the sTTI size, and support of different sTTI sizes might not be possible.
sTTIs shorter than 4 symbols are not supported by Alt.1 without specification changes. 
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[bookmark: _Ref446689755]Figure 1 - DM-RS symbol shared by multiple short-TTIs within the same subframe
Alt.2: DM-RS contained in each sPUSCH
A second alternative is for each sTTI to have self-contained UL DM-RS. This allows having a very flexible structure allowing any size of sTTI. Pilot position within the sTTI can be adapted to optimize channel estimation performance. Pilot position within the legacy frame becomes variable and there is no inter-cell pilot interference control. Nevertheless, this effect is rather limited because UEs employing sTTI will mostly be located near the cell center.
An option is to allow interleaved data/pilot design in order to reduce pilot overhead for very short sTTI sizes, and/or to allow better time domain channel tracking for longer sTTIs. Interleaving data and pilot breaks the SC-FDMA single-carrier property and may bring some PAPR increase. PAPR can be controlled by choosing appropriate pilot/data interleaving patterns [8]. Hybrid data/pilot symbol, i.e., half data - half RS symbol with interleaved subcarrier mapping, has good PAPR properties 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. Methods for PAPR reduction when combining data and pilot in the same SC-FDMA symbol exit.
For sTTIs of 7 symbols, there are two alternatives: either current UL DM-RS is kept (Figure 2 a), or a second UL-DM-RS is introduced (Figure 2 b). In the first case, OCC between the two UL DM-RS needs to be removed. The impact on channel estimation needs to be evaluated. In the second case, pilot position (symbols 1/7, 2/6, etc) needs to be investigated to optimize performance.
For shorter sTTIs (1, 2, 3, 4 symbols), a design is proposed in Figure 3.
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[bookmark: _Ref446696901]Figure 2 – Self-contained DM-RS for sTTI of 7 symbols
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[bookmark: _Ref446697273]Figure 3 - Self-contained DM-RS for very short sTTIs
Evaluation results

PAPR evaluation of hybrid 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 [9] 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 hybrid symbol, a scattered symbol mixing 1 pilot subcarrier within data subcarriers every 3 subcarriers, and OFDMA. 
The hybrid symbol exhibits limited PAPR. There is almost no PAPR increase with 64QAM. It enables the use of very short TTI (1-2 symbols) with non-prohibitive RS overhead. It avoids strong channel estimation degradation in mobility scenarios for longer sTTIs. We propose to investigate hybrid half data/half RS symbols for UL RS design for sTTI.
Channel estimation performance 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 (1/2 pilots 1/2 data) presents limited PAPR. It enables the use of very short TTI (1-2 symbols)sPUSCH  with non-prohibitive RS overhead. 
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[bookmark: _Ref442200387]Figure 4 – CCDF of the instantaneous normalized power for interleaved data/pilot patterns


Performance evaluations
The simulation parameters considered are selected according to [10].  The carrier frequency is 2.0GHz, the system bandwidth is  20MHz with 50 PRBs allocated for a given UE, the transmission channel is the EPA channel with a normal CP length considering a UE speed of either 3kmph or 120 kmph. In addition, the antenna configuration is a SIMO 1x2 under the assumption of transmission mode 1. The Wiener filtering with linear time interpolation is used as a practical channel estimation coupled with an MMSE equalizer. Finally, the modulation and coding schemes are QPSK 1/3, 16QAM ¾ and 64QAM 5/6.
Figure 5 presents comparative results obtained with a sTTI of size 7 symbols and with DM-RS design as in indicated in Figure 2 a and respectively b. Both solutions display the same pilot overhead. At low speed, having a full DM-RS allows more efficient filtering in the frequency domain. UL DM-RS design with one single full pilot for sTTI of size 7 symbols does not offer support for UEs with high mobility and high modulation orders. UEs employing sTTI will mostly be located near the cell center, support for UEs with high modulation orders is necessary.
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						a)											b)
[bookmark: _Ref447303335]Figure 5 - sTTI=7 symbols, self-contained full or hybrid DM-RS: a) 3kmph; b) 120kmph
Figure 6 presents comparative results obtained with a sTTI of size 4 symbols. DM-RS design is either as in Alt. 1 (Figure 1), or as in Alt. 2 (Figure 3d). The two solutions do not have the same data to pilot ratio, since in Alt. 1 there is some superposition between sTTIs, while in Alt. 1 pilots are self contained and there is no sTTI superposition. 
For Alt. 1, presented results labelled “ideal” consider an ideal scenario where there is no interference between the full-symbol multiplexed DM-RS (perfect orthogonality between superposed DM-RS of different lengths). Orthogonality can be achieved with FDM pilot multiplexing, but in this case there will be some performance degradation due to less performing channel estimation wrt to this ideal case. Perfect orthogonality will not be achieved in practice in the case of CDM pilot multiplexing. In a worst case scenario (e.g. sTTI PUSCH4 in Figure 1, orthogonality loss, DM-RS strongly interfered) performance can be highly degraded. UL DM-RS design with one single full pilot for sTTI of size 4 symbols does not offer support for UEs with high mobility and high modulation orders. Orthogonalization measures with specifications impact or strong scheduling constraints need to be implemented for Alt. 1 with CDM DM-RS multiplexing for sTTI of size 4 symbols. 
The performance impact of DM-RS multiplexing in Alt. 1 needs to be further studied.
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						a)											b)
[bookmark: _Ref447308713]Figure 6 - sTTI=4 symbols, Alt1 and hybrid Alt2 DM-RS: a) 3kmph; b) 120kmph

Observation 3: UL DM-RS design with one single full pilot for sTTI of size 4 or 7 symbols does not offer support for UEs with high mobility and high modulation orders.
Observation 4: The performance impact of DM-RS multiplexing in Alt. 1 needs to be further studied.

Conclusions
Observation 1: Channel estimation performance, pilot overhead and PAPR need to be taken into account in UL DM-RS design for sPUSCH.
Observation 2: The hybrid symbol (1/2 pilots 1/2 data) presents limited PAPR. It enables the use of very short TTI (1-2 symbols) sPUSCH with non-prohibitive RS overhead. 
Observation 3: UL DM-RS design with one single full pilot for sTTI of size 4 or 7 symbols does not offer support for UEs with high mobility and high modulation orders.
Observation 4: The performance impact of DM-RS multiplexing in Alt. 1 needs to be further studied.
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