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1. Introduction
The sub-frame duration of 0.5 msec was again agreed at the last LTE ad-hoc meeting and it allows for a 0.5 msec TTI. In [1] it is demonstrated that a minimum TTI length of 0.5 msec is required to fulfill the EUTRA requirement for U-plane latency less than 5 sec that is necessary for delay sensitive applications such as VoIP and gaming. However, for applications that are not delay sensitive, such as web browsing, FTP downloads, etc. a 0.5 msec TTI is not required. Varying TTI schemes allowing TTIs to span multiple sub-frames can provide significant performance enhancements by
· Reduced control overheads for delay non-sensitive applications as longer TTIs result in fewer scheduling events
· Larger coding gain due to longer information block sizes

· Reduced segmentation overheads as longer TTIs reduce the number of segments required for same payload transmission
The throughput gains afforded from the above enhancements were evaluated in [2] and were found to be substantial. Therefore, in order for LTE to achieve its full potential and avoid any design shortcomings relative to competing systems, the TTI length should depend on the application traffic type and user characteristics and longer than 0.5 msec TTIs should also be allowed. 
The introduction of variable TTI length has several implications on LTE design. One immediate implication is on the reference signal (RS) requirements for UL data transmission (clearly, there is no impact on the DL RS as it is common for all UEs). The current RS overhead in the current sub-frame structure was designed taking into account that interpolation across sub-frames may not in generally be possible for the 0.5 sec TTI. This is obviously no longer the case if TTIs longer than 0.5 msec are supported in EUTRA and interpolation across sub-frames is possible. 

This contribution examines the required RS overhead for TTIs longer than 0.5 msec. It will be shown that substantial reduction in the total RS overhead can be achieved, relative to the RS overhead in one sub-frame. This is particularly beneficial in conjunction with UL frequency domain scheduling.
A RS multiplexing scheme and a method for UL UE scheduling are described in [3]. In order to enable CQI measurement for the UL channel, each UE having an UL transmission should also transmit a distributed RS over the scheduling bandwidth (BW), which is typically smaller than the total available BW. However, transmission of a distributed RS introduces a performance loss of about 0.4 dB or less (for the 375 KHz RB size), depending on the ratio of scheduling BW to the data transmission BW. With a longer TTI, it will be shown that channel estimation performance losses can be made negligible while substantially reducing the amount of required RS overhead. This will provide additional opportunities for all UEs, regardless of their TTI length, to transmit a distributed RS while completely avoiding any losses from channel estimation for TTIs longer than 0.5 msec.
2. Channel Estimation vs RS Overhead for TTIs Exceeding 1 Sub-Frame
Figure 1 describes a RS multiplexing method having distributed RS transmission in the first SB of the UL sub-frame to allow for CQI estimation at the Node B. Localized RS transmission is considered for SB2 [2]. The distributed RS in SB1 also participates in channel estimation but its relative weight is proportional to the ratio of the UL BW of the UE data transmission (localized BW) to the scheduling BW occupied by the distributed RS to account for the lower RS power in the localized BW of interest. In addition to distributed RS in SB1, the case of localized RS in SB1 is also considered as it is optimum in terms of channel estimation. The simulation assumptions are given in Table 1. 
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Figure 1: Reference Signal Structure in a Sub-frame with Distributed RS in SB1.
	
	

	TTI
	2 msec

	Numerology
	5MHz @ 2.0GHz

	MCS
	QPSK, 16QAM, Rate = 1/2

	Number Of Used Resource Blocks
	1 (12 sub-carriers = 180 KHz), 

5 (60 sub-carriers = 900 KHz),

	Reference Signal
	Localized SB1, Localized SB2 (baseline)

	
	Distributed SB1, Localized SB2 

	
	Only Localized SB2

	UE Velocity
	3 kmph

	Channel Model Power – Delay Profile
	SCM – C

	Number of Receiver Antennas
	2 – Uncorrelated

	Reference Signal Modulation
	CAZAC

	Time Interpolation Coefficients for Channel Estimation
	Averaging for localized SB1 and localized SB2. 
Weighted averaging for distributed SB1 and localized SB2. 

	Frequency Interpolation
	Least Squares Filter


Table 1: Link Level Simulation Assumptions
A 2 msec TTI is considered in the evaluation. This value is short enough to allow for effective channel dependent scheduling as the channel does not change over 2 msec for the low to moderate UE speeds of interest, but also long enough to capture most benefits of longer TTIs. Nevertheless, the conclusions from the simulation results will readily extend to any TTI value.
Figure 2 shows the BLER for localized, non-scheduled data transmitted in 1 RB (180 KHz) with distributed and localized RS in SB1 and when the RS in 1, 2, 3, and 4 sub-frames are used for channel estimation (when 2 sub-frames are used, it was assumed that they were the first and last ones, although this is not important for low to medium speeds). 

The following can be observed:

a) With time interpolation across sub-frames, the performance loss from channel estimation is drastically reduced. This is an additional benefit from allowing for longer TTIs.

b) For either distributed or localized RS in SB1, using the RS in one more sub-frame provides nearly all performance gains

c) For the smaller RB size of 180 KHz, the performance difference between localized and distributed RS in SB1 increases to about 0.8 dB (at 10% BLER), when the distributed RS bandwidth is 5 MHz. Although this appears substantial, a distributed RS bandwidth of 5 MHz is not expected in practice, except possibly for UEs with very high geometries.   
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Figure 2: BLER for Localized Non-Scheduled Data in 1 RB. Distributed and Localized RS in SB1.
Figure 3 shows the BLER for localized, non-scheduled data transmitted in 5 RBs (900 KHz). Similar conclusions as for Figure 1 apply, but the performance difference between localized and distributed RS in SB1 is now only 0.2 dB (at 10% BLER). A similar performance loss occurs when the RS is distributed over 1.25 MHz and the data occupies 1 RB. Therefore, for VoIP type packets, frequency hopping to improve diversity can be restricted in a smaller bandwidth than is totally available and distributed RS in SB1 can be applied. This will also enable time interpolation among the distributed RS in SB1, further reducing any performance losses from not having a localized RS in SB1.  
Figures 4 and 5 show the BLER for localized, scheduled data transmitted in 1 and 5 RBs, respectively. The same conclusions as before apply. The loss from distributed RS in SB1 relative to localized RS in SB1 appears slightly reduced. For fair comparisons, the scheduling was actual and done through a single independent distributed RS regardless of localized or distributed RS for channel estimation and regardless of the number of RS used for interpolation. Clearly, for distributed RS in SB1, this additional overhead is not needed and for interpolation among multiple distributed RS, the scheduling accuracy is further improved. 
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Figure 3: BLER for Localized Non-Scheduled Data in 5 RBs. Distributed and Localized RS in SB1.
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Figure 4: BLER for Localized Scheduled Data in 1 RB. Distributed and Localized RS in SB1.
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Figure 5: BLER for Localized Scheduled Data in 5 RBs. Distributed and Localized RS in SB1.

Finally, BLER results with QAM16 are provided in the Appendix. Again, similar comments apply and the performance loss from channel estimation and between localized and distributed RS in SB1 is reduced by about 0.1 dB due to the higher SINR region.    
3. Conclusions
This contribution considered the EUTRA UL and examined the BLER versus the RS overhead for TTI lengths larger than 0.5 msec. Time interpolation across sub-frames can then be performed and the loss from channel estimation decreases substantially. This is another benefit of allowing variable TTI size depending on the delay sensitivity of the application.

Most of the gains can be achieved using the RS in only 2 sub-frames, thereby allowing either distributed RS from other UEs to be multiplexed in SB1 for CQI estimation purposes, or some localized RS from the UE of interest to not be transmitted and thus reduce interference.
Notice that these conclusions apply for low to moderate speeds and a TTI length in the order of 2 msec. For higher UE speeds, time interpolation would be less feasible and the RS overhead reduction will accordingly be smaller. Moreover, for TTI lengths much larger than 2 msec (e.g. 10 msec), interpolation across more sub-frames would be needed for moderate speeds, but the percentage of RS overhead reduction will be even larger for both low and moderate UE speeds.
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APPENDIX

Figures A1-A4 provide BLER results for QAM16 with RS interpolation across 1-4 sub-frames and with distributed and localized RS in SB1. Both the absence and presence of frequency domain scheduling are again considered.
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Figure A1: BLER for Localized Non-Scheduled Data in 1 RB. Distributed and Localized RS in SB1.
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Figure A2: BLER for Localized Non-Scheduled Data in 5 RBs. Distributed and Localized RS in SB1.
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Figure A3: BLER for Localized Scheduled Data in 1 RB. Distributed and Localized RS in SB1.
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Figure A4: BLER for Localized Scheduled Data in 5 RBs. Distributed and Localized RS in SB1.
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