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1. Introduction
Based on the outcome of RAN#67 captured in the SI description in RP-150465, the following items have been identified specifically for RAN1 studies on TTI shortening and reduced processing times:
· 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);
In this document, we present results on PUSCH performance with some DMRS configurations and TTI lengths. Short TTI related issues on PUCCH are considered in [1], on UL HARQ in [2] and on TDD specific aspects in [3].  
2. Discussion
Similarly as for PUCCH [1], we believe that maintaining single carrier transmissions would be important for PUSCH, too. This would simplify the specification and implementation, and single carrier transmission would be beneficial for coverage that is anyway affected by shorter transmission time. Therefore, in our studies presented here, legacy type reference signals occupy fully SC-OFDMA symbols. We have also limited our studies to 1-slot and 2-symbol sTTI lengths, following the reasoning in [4] that the sTTI length should be an integer fraction of the legacy TTI length and that 1-symbol sTTI should be excluded because it would bring little gain compared with 2-symbol TTI.   
For full flexibility of scheduling, there should be DMRS in each TTI. However, with the 2-symbol TTI, this leads to very high DMRS overhead. Therefore, we find worth considering also configurations where reference signals are not transmitted in each TTI i.e. sacrificing some scheduling flexibility, like inter-TTI frequency hopping, for better link performance. This in mind we have performed link simulations comparing the performance of legacy 1-ms TTI, 1-slot TTI, and 2-symbol TTIs, including in the case of 2-symbol TTI configurations where DMRS is not transmitted in every TTI. Simulation assumptions are described in Appendix A. In all cases, the receiver utilizes only the DMRS transmitted in the same TTI or, in case there is no DMRS in the TTI, the nearest DMRS symbol in the past. This is illustrated in Figure 1. 


[bookmark: _GoBack]Figure 1. DMRS configurations with legacy 1-ms, 1-slot, and 2-symbol TTIs with various DMRS periodicities (DMRS per). Altogether five configurations were studied for 2-symbol TTI; here only three of them are shown to illustrate the principle. The lines with arrowheads show the TTIs sharing the same DMRS for channel estimation. 
In the legacy case with 2-slot 1-ms TTI, one DMRS symbol/slot is transmitted, the DMRS overhead accounting for 14.3% of the total resources. The DMRS overhead with the 1-slot TTI is the same as with legacy TTI length while in our studies the overhead with the 2-symbol TTI varies from 50% (DMRS symbol in every TTI) to 4.2% (a DMRS symbol in every 12th TTI). The results in Figures 2, 3 and 4, correspond to MCS QPSK-1/3, 16QAM-3/4, and 64QAM-5/6, respectively.
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Figure 2. Throughput vs. SNR for different TTI lengths, MCS = QPSK-1/3
In Figure 2, where we evaluate the performance with lowest MCS of QPSK-1/3, the throughput performance for 1-slot TTI with 1 DMRS symbol/TTI overhead is similar to 2-slot TTI for both the lower and higher speed scenarios of EPA-3km/h and ETU-60km/h, respectively. The performance of 2-symbol TTI is evaluated for several DMRS periodicities having different overheads. With a periodicity of 1, i.e. when 1 DMRS symbol is transmitted on every TTI, the overhead is very high with 50% and therefore it gives the worst throughput performance. From Figure 2, it can be observed that the best throughput performance for EPA-3km/h is for a DMRS symbol periodicity of 12 TTIs with an overhead of 4.2%. However, for ETU-60km/h, the performance with periodicity of 12 TTIs becomes worse than with periodicities 2-4 TTIs, which is due to the fact that the user speed is relatively quite high. This implies that very sparse DMRS symbols in time-domain are not able to provide reliable channel estimates when the users are moving at the faster speed. It should be noted that even when the DMRS overheads are made comparable with 1-slot and 2-symbol TTIs, the channel estimation in the case of 2-symbol TTI performs worse than for 1-slot TTI. This is due to on the average larger separation between DMRS and data symbols in case of 2-symbol TTI, as we have assumed that DMRS of future TTI is never used in estimating the channel.
In Figure 3 and 4, the performance is evaluated in the lower speed scenario for higher MCS cases of 16QAM-3/4 and 64QAM-5/6, respectively. In the lower speed scenario, 2-symbol TTI with high periodicity is still able to provide better throughput performance than legacy and 1-slot TTI length.  
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Figure 3. Throughput vs. SNR for different TTI lengths, MCS = 16QAM-3/4
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Figure 4. Throughput vs. SNR for different TTI lengths, MCS = 64QAM-5/6
We summarize the results in Figures 2-4 as three observations:
Observation 1: 1-slot TTI with legacy DMRS overhead performs reasonably well in all scenarios.
Observation 2: DMRS overhead is intolerably high with 2-symbol TTI if DMRS is included in every TTI. 
Observation 3: 2-symbol TTI requires DMRS transmission enhancements to reach performance comparable to 1-slot TTI, e.g., by transmitting DMRS only on some of consecutive TTIs. This increases specification and implementation complexity for TTIs shorter than 1 slot.
Furthermore, we note that, if needed, intra-TTI frequency hopping can be specified in a straightforward way with 1-slot TTI but would not be possible with 2-symbol TTI and single carrier transmissions. 
3. Summary
Our observations on PUSCH DMRS are 
Observation 1: 1-slot TTI with legacy DMRS overhead performs reasonably well in all scenarios.
Observation 2: DMRS overhead is intolerably high with 2-symbol TTI if DMRS is included in every TTI. 
Observation 3: 2-symbol TTI requires DMRS transmission enhancements to reach performance comparable to 1-slot TTI, e.g., by transmitting DMRS only on some of consecutive TTIs. This increases specification and implementation complexity for TTIs shorter than 1 slot.
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Appendix A: Link-level simulation parameters
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10MHz

	TTI length
	2 symbols, 1-slot (7 symbols), 2-slot (14 symbols)

	Allocated bandwidth
	50 PRBs

	Channel model 
	EPA 3km/h, ETU 60km/h

	Antenna configuration
	1Tx(UE), 2Rx(eNB)

	Antenna correlation
	Uncorrelated

	CP length
	Normal

	Transmission mode
	TM1

	Receiver type
	LMMSE

	Channel estimation
	Practical, only DMRS in the same TTI used, or if DMRS not transmitted in a TTI, the nearest past DMRS symbol.

	Link adaptation
	Disabled

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

	HARQ retransmission
	Disabled

	Performance metrics
	Throughput
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