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1. Introduction
One of the two possible TTI structures for uplink Single Carrier FDMA (SC-FDMA), as proposed by drafting group 1, is given in Figure 1 below. 
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Figure 1: Uplink TTI structure for SC-FDMA. 
In Figure 1, LB represents a “Long Block,” which can contain only data symbols, and SB represents a “Short Block,” which can contain either pilot or data symbols.  Therefore, the uplink pilot is always confined inside the SB field. The time duration of the SB field is half of the time duration of the LB field. The rest of the numerology for the uplink frame structure is given in [1].  


SC – FDMA low PAR (peak – to average power ratio) solution allows for either localized or distributed sub – carrier allocation, for a particular UE. Furthermore, since LB and SB fields have different purposes, the final SC – FDMA proposal must answer following questions:

a) LB: localized of distributed FDMA? 

b) SB1 (first short block - chronologically): localized of distributed? 

c) SB2 (second short block - chronologically): localized of distributed?    

The number of all possible combinations of answers to above questions (a,b,c) is 8. However, a number of combinations can be excluded a-priori (e.g., distributed data and localized pilot). In this document, we discuss all combinations, and provide link – level simulation results for feasible ones.  
2. Discussion
2.1 The set of available combinations for LB, SB1, and SB2
The set of available combinations is as follows:

1) Distributed LB, Distributed SB1, Distributed SB2.
a. Advantages: Frequency diversity which combats frequency – selective fading.
b. Disadvantages: Poor channel estimation performance because pilot power is not concentrated. Cannot perform frequency – dependent UE scheduling.  
2) Distributed LB, Distributed SB1, Localized SB2.
This option is excluded a-priori since distributed data requires distributed pilot.  
3) Distributed LB, Localized SB1, Distributed SB2.
This option is excluded a-priori since distributed data requires distributed pilot.  
4) Distributed LB, Localized SB1, Localized SB2.
This option is excluded a-priori since distributed data requires distributed pilot.  
5) Localized LB, Localized SB1, Localized SB2. 

a. Advantages: excellent channel estimation because the pilot power is concentrated with the localized data.

b. Disadvantages: Lack of frequency diversity. Cannot perform frequency – dependent UE scheduling.  
6) Localized LB, Distributed SB1, Distributed SB2. 

a. Advantages: Can perform frequency – dependent UE scheduling.
b. Disadvantages: Poor channel estimation performance because pilot power is not concentrated.  
7) Localized LB, Distributed SB1, Localized SB2. 

a. Advantages: Can perform frequency – dependent UE scheduling. Adequate channel estimation. 
b. Disadvantages: Channel estimation is not as good as both localized SB. However, performance loss will be quantified below vial link – level simulations.   
8) Localized LB, Localized SB1, Distributed SB2. 

This option is similar to option 7). However, 7) is preferred because distributed SB1 will provide more processing and signalling time for fast closed – loop UE scheduling in the uplink.     
The above discussion leaves options 1), 5), 6), 7) for performance evaluation. Link – level simulation results for options 1), 5), 6), 7) are provided in the next section.    

2.2 Link – Level Simulation Results
	Parameter
	Assumption

	Bandwidth
	5 MHz (2.6 GHz)

	Channel Model
	TU, Various Velocities

	Data Channel Turbo Coding
	Rate ½

	Data Modulation
	16QAM

	Uplink Numerology
	Option 2 in [1] (Table 9.1.1.2)

	Antenna Configuration
	1 at Transmitter, 2 at Receiver

	Pilot Modulation
	QPSK

	Data Channel
	Option1
	Distributed FDMA which occupies each 6th tone. Number of Sub-carriers = 48.

	
	Option 5
	Localized FDMA with 48 Sub-carriers

	
	Option 6
	Localized FDMA with 48 Sub-carriers

	
	Option 7
	Localized FDMA with 48 Sub-carriers

	Pilot Channel
	Option1
	SB1 and SB2: Distributed via CAZAC sequence as described in [2]

	
	Option 5
	SB1 and SB2:  Localized with 24 Sub-carriers 

	
	Option 6
	SB1 and SB2: Distributed via CAZAC sequence as described in [2,3]

	
	Option 7
	SB1:  Distributed via CAZAC sequence as described in [2,3]

SB2: Localized with 24 Sub-carriers

	Channel Estimation
	Time Interpolation
	Doppler dependent filter coefficients

3kmh) Wiener Matched Filter

120, 360 kmh) Wiener Zero Forcing Filter

	
	Frequency Interpolation
	Least Squares

	
	Interpolation Method
	Past, Current and Future TTI


Table 1: Simulation Assumptions
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Figure 2: Block Error Rates with simulation assumptions from Table 1. UE velocity = 3kmh.
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Figure 3: Block Error Rates with simulation assumptions from Table 1. UE velocity = 120kmh.
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Figure 5: Block Error Rates with simulation assumptions from Table 1. UE velocity = 360kmh.
From the above link – level simulation results (Figure 3, 4, 5), we first confirm that realistic channel estimation incurs more penalty on distributed FDMA. Also, for localized FDMA, we confirm that best channel estimation results are obtained when both SB1 and SB2 are localized. Nevertheless, at low UE velocities, very little performance penalty is incurred by resorting to distributed SB1 and localized SB2.     

3. Conclusion

Under the assumption of perfect channel estimation, the link – level performance (BLER) of distributed FDMA is superior to the localized FDMA. However, with realistic channel estimation, the link - level performance of localized FDMA and distributed FDMA become comparable. Furthermore, localized FDMA offers additional benefit of frequency – dependent UE scheduling, which is why we recommend it (in addition to distributed FDMA) for data modulation in the uplink SC – FDMA. Finally, with localized data, we recommend the use of localized pilot in SB2, and distributed pilot in SB1. Such pilot allocation will simultaneously a) enable frequency – dependent UE scheduling, and b) offer satisfactory channel estimation performance. It is FFS if distributed SB1 can be sent less frequently than once per TTI. Essentially, achieving the optimum trade-off between performance of channel estimation and UE scheduler should be performed via System – level throughput simulations, and will be provided in future documents.         
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