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1 Introduction

The single tone transmission at low SINR is very challenging to receive by the eNB. Quick, accurate eNB CFO estimation can reduce the number of NPUSCH repetitions required, which improves capacity and lowers UE power consumptions. This tdoc includes simulations of eNB CFO estimation algorithms for 1X and 2X NPUSCH DMRS densities.  

2 Considerations of eNB CFO Detection with Single Tone Transmissions
During the MTC work, increased DMRS was studied mostly for multi-tone transmission, but the efficacy of the eNB CFO estimation WRT to increased DMRS was not considered.  For eNB CFO estimation, the single tone transmission scenario at low SINR is very challenging for various reasons:
· #1 When single-tone transmission is used, the time required to accumulate sufficient DMRS is 12 times longer than for multi-tone transmission, which will lead to increased buffering requirements in the eNB and increased CFO detection times.
· #2 Single-tone transmission requires the serialization of coded REs, which makes it difficult to use data correlation methods as used in MTC, where RVs are repeated every SF, for CFO estimation. For early detection, the RVs should be mapped serially, so that the repeated data will be at least 8 SFs away, which reduces the CFO detection range to +/-62.5Hz (+/- 500Hz/{time between repeats in ms}.  This means that repeated data does not provide the necessary capability for CFO estimation that it did in MTC.

· #3 At low SINR, long repeats will be required and (although not yet agreed) transmission gaps will likely be inserted for scheduling purposes and for the UE to re-lock to the DL signal. This means the eNB will need to re-estimate CFO after each transmission gap.

Observation: eNB CFO detection is more difficult for single-tone transmission because the time required to accumulate sufficient DMRS is longer, repeated RV’s cannot be used, and eNB needs to re-estimate CFO after each transmission gap. 
3 eNB CFO estimation  performance for increased DMRS
For the baseline DMRS (1X DMRS), a DMRS is transmitted on the 4th and the 11th symbol (Fig. 1). For 2X DRMS, one DMRS is transmitted on 2nd, 4th, 9th and 11th (Fig. 2). 
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Figure 1: Legacy 1X DMRS density
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Figure2: 2X DMRS density

The performance of eNB CFO estimation was analyzed through simulations. The algorithm used for CFO detection is based on Maximum Likelihood estimation tailored to the frame structure. The metric used for measuring the performance of the different solutions is the CDF of the CFO error at the 95%’tile.  The simulation settings are summarized as follows:

· Number of subcarriers, M = 1

· SNR = -17.5dB (corresponding to 20dB coverage enhancement)

· Number of UE antennas = 1, Number of eNB antennas = 2

· Channel Model Used = Extended Pedestrian A (EPA), Doppler shift = 1Hz

· CFO to be estimated = 100Hz
The simulation results are found in the following figure:
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Figure 3: 
Summary:
	# of SF used 
in CFO estimate
	DMRS Density
	95’tile eNB
 CFO Error

	16
	1X
	95

	16
	2X
	16

	32
	1X
	16

	32
	2X
	6


Observation: Using 2X DMRS will reduce eNB residual CFO from 95 to 16Hz
4 NPUSCH Performance Consideration
Increasing DMRS has three positive effects on improving the NPUSCH performance.

#1 Improved Channel Estimation:

This effect has been analysed in both MTC and NB-IOT work items. For multi-tone transmission it was found to be around 0.5 dB [1,2] . However, for single-tone case in MTC, the improvement was larger and provided an 18% reduction of the required number of repeats [2]. 

#2 Increased Cross SF Channel Estimation Possibilities
One of the best methods to improve NPUSCH performance is to use cross SF channel estimation. But there is a limit on the number SFs that can be used for this due to the residual CFO error. For example, for a 50 Hz residual CFO error, a maximum of ~8 SF can be used. If this residual error is reduced, the eNB can perform cross SF channel estimation for a longer period, which can significantly improve NPUSCH performance. 
#3 Lowering the Residual CFO
Even if DMRS and Cross SF Channel Estimation stay the same, the reduction of CFO improves performance. For example, through simulation Sierra found that a reduction from 30Hz to 10Hz in residual CFO error reduces the number of repeats required by 10% from 360 to 324 for a TBS of 224.

The following figure shows the single tone NPUSCH BLER simulation results (see appendix for detailed simulation parameters) for each of the above three effects:
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Observation: Increasing DMRS has three positive effects which improve NPUSCH performance: Improved channel estimation, increased cross SF channel estimation possibilities, and lowering the residual CFO.
From the above figure the following observations can be made:

Observation: Increasing DMRS by 2X, improves channel estimation which improves NPUSCH performance by 0.4 dB. 

Observation: Increasing DMRS by 2X, lowers eNB residual CFO error which improves NPUSCH performance by 0.4 dB. 

Observation: Increasing DMRS by 2X, allows eNB to increase cross SF channel estimation which improves NPUCSH performance by 0.4 dB. 

Observation: Increasing DMRS by 2X, improves single-tone transmissions NPUSCH by 1.2 dB. 

Although the effect on NPUSCH for each one of these effects is small, the accumulation of the three effects is 1.2dB and worth standardizing since this will significantly reduce UE power consumption and will increase capacity by reducing system resources.
Proposal: For the single-tone transmission case, a 2X DMRS increase should be standardized. 

5 Conclusions

Observation: eNB CFO detection is more difficult for single-tone transmission because the time required to accumulate sufficient DMRS is longer, repeated RV’s cannot be used, and eNB needs to re-estimate CFO after each transmission gap. 

Observation: Using 2X DMRS will reduce eNB residual CFO from 95 to 16Hz

Observation: Increasing DMRS has three positive effects which improve NPUSCH performance: Improved channel estimation, increased cross SF channel estimation possibilities, and lowering the residual CFO.
Observation: Increasing DMRS by 2X, improves channel estimation which improves NPUSCH performance by 0.4 dB. 

Observation: Increasing DMRS by 2X, lowers eNB residual CFO error which improves NPUSCH performance by 0.4 dB. 

Observation: Increasing DMRS by 2X, allows eNB to increase cross SF channel estimation which improves NPUCSH performance by 0.4 dB. 

Observation: Increasing DMRS by 2X, improves single-tone transmissions NPUSCH by 1.2 dB. 

Proposal: For the single-tone transmission case, a 2X DMRS increase should be standardized. 
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7 Appendix 
NPUSCH Simulation Parameters: 
· Number of subcarriers, M = 1 (Single Tone)
· Number of UE antennas = 1, Number of eNB antennas = 2

· Channel Model Used = Extended Pedestrian A (EPA), Doppler shift = 1Hz

· CFO to be estimated = as defined
· Cross SF channel estimation = as defined
· TBS  = 224 bits
· Number of repetitions = 384
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