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1 Introduction
This document considers the frequency error requirement for the NB-IoT uplink, in particular the appropriate averaging period for the measurement. The narrower transmission bandwidth used by NB-IoT compared with LTE means that a suitable averaging period is required to ensure that a meaningful frequency error estimate can be obtained. Without a suitable averaging period being defined in TS 36.101, a literal interpretation of the frequency error requirement would place a much stricter requirement on modulation accuracy than the EVM requirement.

2 Discussion
We take as our starting point Section 6.5.1 from TS 36.101, which is reproduced below for reference.
6.5.1
Frequency error

The UE modulated carrier frequency shall be accurate to within ±0.1 PPM observed over a period of one time slot (0.5 ms) compared to the carrier frequency received from the E-UTRA Node B

A key difference between NB-IoT and LTE is the much narrower minimum transmission bandwidth of 15 kHz or 3.75 kHz used for NB-IoT in comparison with the minimum transmission bandwidth of 180 kHz for LTE. This means that in a single slot there is a minimum of just 7 transmitted QPSK/BPSK symbols for NB-IoT compared with a minimum of 12*7 = 84 transmitted symbols for LTE. Furthermore, uplink frequency error measurements for LTE are performed using at least 6 RBs, so the number of available symbols is increased to at least 6*12*7 = 504. In other words, the existing LTE measurement allows for substantial averaging over symbols (where the average EVM of the symbols may be up to 17.5%) even though the measurement duration is a single slot. 
Consequently, it is appropriate to use a much longer measurement period for NB-IoT such that a similar number of symbols as with LTE are available for obtaining each frequency error measurement.
To illustrate the issue, Figure 1 shows the frequency error estimate based on a single-tone NB-IoT signal with 15 kHz spacing that has been degraded with AWGN to provide an EVM of 17.5%. Each CFO estimate is based on a single slot (7 symbols), but the three curves correspond to running averages over 1 slot (i.e. no averaging), 12 slots and 72 slots. These values have been selected because 12 slots corresponds to the same number of symbols as a single LTE slot using one PRB, whereas 72 slots corresponds to the same number of symbols as a single LTE slot using 6 PRBs (which is the minimum in the LTE frequency error test case according to TS 36.521).
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Figure 1: Frequency error estimate based on a single-tone transmission with EVM = 17.5% 
using different averaging periods of 1, 12 and 72 slots
Considering NB-IoT operation at 900 MHz, a frequency error requirement of 0.1 ppm would correspond to a required accuracy of ±90 Hz. Therefore, the measurement error should be a small fraction of this limit. It can be seen from Figure 1 that, for a single-tone NB-IoT transmission, averaging over 1 or 12 slots is inadequate, whereas averaging over 72 slots provides reasonable measurement accuracy. As previously noted, the use of 72 slots corresponds to the same number of QPSK/BPSK symbols as used in the frequency error test for LTE when using 6 PRBs.

For the case of multi-tone NB-IoT transmissions, the averaging period can be inversely scaled according to the number of transmitted tones, in order to maintain the same number of symbols in the overall measurement period.
Therefore, we propose that the NB-IoT frequency error observation period remains as one slot, but that the observations are averaged over multiple slots to provide each frequency error measurement, as follows:

· For 15 kHz subcarrier spacing, the frequency error observations are averaged over 72/Ntones slots, where Ntones = {1, 3, 6, 12} is the number of transmitted tones 
· For 3.75 kHz subcarrier spacing, the frequency error observations are averaged over 72 slots (noting that a 3.75 kHz slot is four times as long as a 15 kHz slot [2])  
We note that the principle of averaging observations over multiple slots is analogous with the EVM measurement method defined for LTE in TS 36.101.

3 Conclusion
The previous discussion is captured in the following Proposal:

Proposal: For frequency error measurement, the observations are made over a period of one slot and then averaged over 72/Ntones slots, where Ntones = {1, 3, 6, 12} is the number of sub-carriers used for the transmission. 

We note that the principle of averaging observations over multiple slots is analogous with the EVM measurement method defined for LTE in TS 36.101. We also note that in the absence of a suitable averaging period the NB-IoT frequency error requirement would place a much stricter requirement on modulation accuracy than the EVM requirement, or would make the frequency error requirement highly dependent on the subsequently determined test case description. Therefore, it is important to define the averaging period for the NB-IoT frequency error requirement in TS 36.101.
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<Start of Changes>
6.5.1.X
Frequency error for NB-IoT
The UE modulated carrier frequency shall be accurate to within ±[X] PPM, observed over a period of one time slot (0.5 ms for 15 kHz sub-carrier spacing and 2 ms for 3.75 kHz sub-carrier spacing) and averaged over 72/Ntones slots (where Ntones = {1, 3, 6, 12} is the number of sub-carriers used for the transmission), compared to the carrier frequency received from the E-UTRA Node B.
<End of Changes>
