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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In this contribution, we evaluate the link level performance of NB-PUSCH single-tone transmission with 15 kHz when frequency offset (CFO) estimation and compensation technique is used.
NB-IoT PUSCH evaluations with CFO estimation
No repetition case
We evaluate the link level performance of NB-IoT PUSCH with 15 kHz subcarrier spacing when CFO estimation and compensation is used in the condition of 100 Hz frequency offset. The detailed parameters are listed in the Appendix A. For cross-subframe channel estimation, DMRSs of 8 subframes are combined.
On CFO estimation and compensation, the parameter l is the distance of subframes to be used for frequency offset estimation. When l=1, the phase rotation between adjacent two subframes are calculated. When l=2, the phase rotation between subframe #n and subframe #n+2 are calculated. 8 subframes of symbol buffer before channel estimation is assumed and then, for CFO estimation, 2×(8-l) CFO estimates can be averaged and averaged CFO estimate is used for cross-subframe channel estimation with 8 subframes.
When DMRSs of 8 subframes are combined, the BLER performance significantly degrades without CFO estimation. On the other hand, when CFO estimation and compensation technique is used, the BLER performance of cross-subframe channel estimation can be significantly improved. In addition, it can be seen that l=4 provides the best performance in the condition of 100 Hz frequency offset. The reason is as follows. From CFO estimation perspective, assuming the frequency offset of 100 Hz, the phase rotation in 1 subframe is 36 degree (15 kHz subcarrier spacing). It is small value and makes the frequency offset estimation itself difficult. When the amount of the phase rotation is around 90 degree or something, the receiver can easily detect the amount of the phase rotation.
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Fig. 1 NB-PUSCH single-tone performance with CFO estimation in the condition of [-100, 100] Hz frequency offset (no repetition)

8 repetition case
Figure 2 shows the NB-IoT PUSCH performance with 8 repetitions when CFO estimation and compensation is used in the condition of 100 Hz frequency offset. Repetition is realized by subframe level. For cross-subframe channel estimation, DMRSs of 8 subframes are combined. For symbol level combining for data, 8 subframes are also combined.
On CFO estimation and compensation, we compare two schemes (a) only DMRS is used for CFO estimation and (b) both repeated data symbols and DMRS are used for CFO estimation. The parameter l is the distance of subframes to be used for frequency offset estimation. When l=1, the phase rotation between adjacent two subframes are calculated. When l=2, the phase rotation between subframe #n and subframe #n+2 are calculated. 8 subframes of symbol buffer before channel estimation is assumed and then, for CFO estimation, 2×(8-l) CFO estimates can be averaged when only DMRS is used. On the other hand, when both repeated data symbols and DMRS are used, 14×(8-l) CFO estimates can be averaged. Averaged CFO estimate is used for cross-subframe channel estimation with 8 subframes.
Similar to no repetition case, the use of CFO estimation and compensation provides significant performance improvement compared to without CFO estimation case. In addition, l=4 provides the best performance in the condition of 100 Hz frequency offset. Comparing 2 CFO estimation schemes (DMRS only vs both data symbol and DMRS), by using both repeated data symbols and DMRS, about 1.0 dB gain can be obtained.
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                                   (a) DMRS only                                                               (b) Data symbol and DMRS
Fig. 2 NB-PUSCH single-tone performance with CFO estimation in the condition of [-100, 100] Hz frequency offset   (8 repetition)

Conclusion
In this contribution, we provided some simulation results on NB-PUSCH. Based on the evaluation results, we provided following observations.
Observation 1: Assuming 15 kHz subcarrier spacing and frequency offset of 100 Hz, CFO estimation with l=4 provides significant performance improvement.
Observation 2: When repetition is used, CFO performance can be improved by using both repeated data symbols and DMRS.

Appendix A: Simulation parameters
	Parameters
	Value

	Subcarrier spacing
	15 kHz

	Frame format 
(Rate-matched block size)
	Single-tone
 (2 resource units)

	Channel coding
	Turbo

	Modulation scheme
	BPSK

	TBS
	56 bits

	CRC
	24 bits

	Number of antennas
	1×2 with low correlation

	Carrier frequency
	900 MHz

	Channel model
	TU (Doppler frequency, fD=1Hz)

	Timing error
	Ideal

	Residual frequency offset
	[-100, 100] Hz, uniform distribution

	Channel estimation
	Realistic

	Equalization
	MMSE-FDE
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