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1 Introduction
In 3GPP RAN Plenary #69, a new work item (WI) named NarrowBand IOT (NB-IOT) was approved [1]. The objective is to specify a radio access for cellular internet of things, based to a great extent on a non-backward-compatible variant of E-UTRA, that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra low device cost, low device power consumption and (optimised) network architecture. 

 NB-IOT supports 180 kHz UE RF bandwidth, OFDMA on the downlink with two options: 15 kHz and 3.75 kHz sub-carrier spacing. It also supports a single synchronization signal design for the different modes of operation.
Frequency synchronization plays an important role in a UE in order to correctly demodulate the downlink received signals from eNB. In this contribution, we provide frequency offset tracking as part of frequency synchronization process for NB-IOT. Although frequency offset estimation is an implementation specific issue, the observations that are made in the document are understood to be generally applicable across a range of implementations.
2 Discussion

2.1 UE Frequency Offset Estimation
User Equipment (UE) is required to estimate and compensate frequency offset between the carrier frequency of eNB and UE. In the LTE downlink, synchronization signals (PSS and SSS), cyclic prefix (CP) and cell-specific reference signals (CRS) are commonly used to assist frequency offset estimation at the UE.

The frequency offset (FO) can be divided into two parts, namely, fractional frequency offset (FFO) and integer frequency offset (IFO). In order to estimate the frequency offset, a UE needs to perform the following processes [2]:

1. FFO estimation.

FFO is the frequency offset with the range of (-0.5, 0.5) normalized to the sub-carrier spacing. FFO is very important as it can cause inter-carrier interference (ICI) and thus, destroy the sub-carriers’ orthogonality. This should be estimated and compensated first, and typically, it is performed in the time domain before FFT operation, for example, using cyclic prefix (CP) correlation.

2. IFO estimation. 

IFO is the frequency offset with the range of (-31,31) normalized to the sub-carrier spacing. It is commonly estimated using LTE synchronization signals (PSS and SSS).

3. Tracking FO (TFO) estimation.

Tracking FO is the remaining frequency offset that must be estimated and compensated prior to the demodulation stage. The frequency offset range is normally smaller than the FFO range as mentioned above. TFO estimation is typically performed in the frequency domain based on the received CRS signals.
The first two processes are often performed during initialization/acquisition phase. In [3], initial cell search, including frequency offset estimation performance for NB LTE is presented. At MCL=164dB or SNR= -4.6 dB, frequency offset estimation within 50 Hz can be achieved with relatively long synchronization time (around 600 ms for CDF 0.95%). Longer synchronization time is expected for lower SNR value. 
2.2 Tracking of Frequency Offset

Once the frequency offset has been estimated and compensated during initialization phase, the UE still needs to continuously track the frequency offset and ensure the frequency offset within certain acceptable range in order to avoid performance degradation. 
Note: A system with smaller sub-carrier spacing (e.g. 3.75 kHz) is more sensitive to the frequency offset due to inter-carrier interference (ICI).
The UE must regularly track the frequency offset, mainly due to the following factors:
1. UE temperature variation.
Temperature changes in an UE or particularly oscillator component are known in introducing frequency offset. The oscillator datasheet usually show the range of frequency shift by temperature (e.g. ± 20 ppm for the temperature range between -30 to 85 C). That is equivalent to ±16 kHz for 800 MHz carrier frequency. Moreover, it is also known that the relation between temperature changes and the frequency shift is not linear. Thus, it is difficult to precisely predict the amount of frequency offset. 
Some UE can be equipped with TXCO (temperature compensated crystal oscillator). However, it is relatively expensive for low cost device (MTC/NB-IOT) and still difficult to precisely predict the amount of frequency offset.

In legacy LTE device, the RF designer usually places the oscillator far away from the TX unit. Due to the small factor of MTC/NB-IOT, it is even more challenging to avoid high temperature variation in an MTC/NB-IOT device.

2. Channel variations & Doppler Shift

The wireless channel between base-station and the mobile device varies over time and frequency. Moreover, the NB-IOT device can experience a Doppler shift depending on the device velocity.

3. Others
It covers, oscillator aging and oscillator phase noise.
Observation 1: The NB-IOT device needs to track the frequency offset in order to avoid performance degradation. Even in the stationary mode (e.g small Doppler shift), the NB-IOT device needs to track the frequency offset mainly due to the device temperature variation.
Legacy LTE device typically uses CRS signal for frequency offset tracking purpose. In our previous contribution [1], we have described the method to calculate frequency offset estimation performance in MTC based on CRS. The frequency offset estimation result for “NB-IOT-like” system with 180 kHz bandwidth and maintaining LTE numerology is shown Figure 1. Due to limited number of reference signal (CRS), the estimation performance of NB-IOT system is very poor. 
Observation 2: Frequency offset estimation using CRS results in poor performance, particularly in narrowband operation.  Moreover, the frequency offset is very high in low SNR region (extended coverage / extreme condition).
The NB-IOT device needs to use other frequency tracking method in order to keep the estimation error within reasonable range. We could consider, a method where the NB-IOT receives synchronization signal, performs frequency estimation, and achieve a good performance as shown in [3]. Alternatively, a new PBCH scheme as described in [5]. It was proposed to arrange repeated PBCH resource allocation so that it can be used for frequency offset tracking purpose. 
However, these two alternatives do not allow the NB-IOT to receive the data / control channels. One proposal is to introduce measurement gaps concept in NB-IOT. A periodic measurement gap can be used by the NB-IOT device to perform frequency offset estimation and/or any other potential purposes (e.g measurements). During measurement gap length, the eNB is also aware that the UE performs frequency offset estimation and/or any other potential purposes.
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Figure 1: Frequency error rms in Hz versus SNR (dB)
We consider a reliable frequency offset tracking can be performed with a proper measurement gaps configuration.
Proposal 1: Introduce periodic measurement gaps for NB-IOT that can be used for frequency offset tracking. The measurement gap interval duration and gap length are FFS.
Proposal 2: Within measurement gap length, it can contain synchronization signals, PBCH, and/or CRS that can be utilized for frequency offset tracking.
3 Conclusion

In this contribution, we discussed our views on frequency tracking for NB-IOT. We have observed the following items:

Observation 1: The NB-IOT device needs to track the frequency offset in order to avoid performance degradation. Even in the stationary mode (e.g small Doppler shift), the NB-IOT device needs to track the frequency offset mainly due to the device temperature variation.

Observation 2: Frequency offset estimation using CRS results in poor performance, particularly in narrowband operation.  Moreover, the frequency offset is very high in low SNR region (extended coverage/ extreme condition).
Hence, the following proposals:
Proposal 1: Introduce periodic measurement gaps for NB-IOT that can be used for frequency offset tracking. The measurement gap interval duration and gap length are FFS.
Proposal 2: Within measurement gap length, it can contain synchronization signals, PBCH, and/or CRS that can be utilized for frequency offset tracking.
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