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1. Introduction

NB-IoT should support the following three scenarios as agreed in RAN#69 plenary meeting [1]: 
· “Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers.

· “Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band.

· “In-band operation” utilizing resource blocks within a normal LTE carrier.
In particular, the following will be supported:
· 180 kHz UE RF bandwidth for both downlink and uplink
It was also agreed in RAN1#84 meeting that, 

· Maximum UL TBS supported for NB-IoT is not greater than 1000 bits (exact value FFS).

· The HD-FDD guard period is Type B 

· When NB-IoT UE is transmitting, UE is not expected to monitor or receive any downlink channels
Frequency tracking is an essential task in any wireless communications system. This has not been addressed in NB-IoT with the aforementioned scenarios / configuration. In this contribution, we provide our proposals on frequency tracking in long PUSCH transmission for NB-IoT. 
2. Discussion

In full duplex operation, the UE receiver can continuously estimate the frequency error during downlink transmission through receiving reference signals while simultaneously transmitting in the UL. In legacy LTE systems that utilize wide bandwidth and high data rate transmissions, the downlink / uplink transmissions can also be completed in a short time duration, meaning that legacy HD-FDD LTE UEs are only scheduled in one link direction for a short period of time. This is, however, not the case for NB-IoT as it is operated in half duplex mode, data rates are low, and a large number of repetitions may be required to each the desired coverage.
According to [3], the data rate of 300 bps or more can be supported in the extreme coverage enhancement case (164 dB MCL). In the GERAN study [4], the mobile autonomous reporting (MAR) application has a packet size of up to 200 bytes. The application layer packet of 200 bytes can be segmented into smaller packets. If we assume a maximum transport block size (TBS) of 1000 bits in the UL and a 300 bps data rate then it will take around 3.3 seconds to transmit each UL transport block.
Cost and low power consumption are very critical for IoT devices. A common component for use as a frequency reference source is a Voltage Controlled Temperature Compensated Crystal Oscillator (VC-TCXO). In GERAN study, the assumption is to use external RF frequency reference (e.g. TCXO) that requires quite good stability over temperature [4]. However, VC-TCXO is very expensive compared to common crystals (~4x). As ASTRI suggested for UE RF transceiver architecture [5], it is very reasonable to use a Digitally Controlled Oscillator (DCXO) as a frequency reference source in order to reduce cost (price/area). It would also be possible to use an XO as a reference source. Low cost DCXO and XO oscillators produce an output frequency that is dependent on device temperature. Since the device heats up during UL transmissions (due to the heat produced by the PA), the output frequency of the device drifts during an UL transmission [7]

 REF _Ref445721261 \r \h 
[8].
It is agreed that NB-IOT UE only needs to support half duplex operation (HD-FDD) [6]. Due to the nature of half duplex operation and during uplink data transmission, the NB-IoT device cannot track frequency changes based on the received DL signal in order to achieve high frequency estimation accuracy. 
Observation 1: In a long NB-PUSCH transmission, the UE would not be able to correct the frequency error that is mainly generated by the local oscillator instability.

In the enhanced coverage scenario, the device can transmit for a long period of time (up to 3.3 seconds) without having a single receive opportunity. In such a scenario, the device can drift in frequency. Such a condition sets a challenge for meeting frequency error of ±0.1 ppm. In our previous contributions [7], [8], we have investigated the frequency error in NB-IoT. Based on these studies and assuming a temperature gradient of 1°C/s the frequency error could be kept within ± 0.1ppm for no longer than 200ms.
Observation 2: The frequency error in NB-IoT with a low cost oscillator could be kept within ± 0.1ppm for 200ms.

A long uplink transmission in half duplex mode means that the UE cannot receive the reference symbols and perform frequency error estimation. In a legacy LTE system, the reference symbols transmitted by the eNB are used for the frequency error estimation and compensation purposes. The reference symbols can be Cell-specific Reference Symbols (CRS) or Synchronization signals (PSS/SSS). In eMTC, the PBCH can additionally be used for the purposes of frequency error estimation. In [7], it is proposed that it should also be possible to use NB-PBCH as extra reference symbols for the purposes of frequency error estimation in NB-IoT. 
In NB-IoT, the UE is unable to perform frequency correction during long UL transmissions, hence it is proposed to allow for pauses in NB-IoT UL transmissions, to allow the UE to perform frequency error correction. Specifically, long NB-PUSCH transmissions (of time duration T0) are divided into smaller UL transmission periods with a duration of T1 (Figure 1) and transmission gaps of duration T2 are inserted to allow the UE to perform frequency error correction. During transmission gaps, the UE switches to the DL and performs frequency synchronization.
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Figure 1: Divide long NB-PUSCH transmission to multiple short NB-PUSCHs with transmission gaps.
Proposal 1: Introduce transmission gaps for long NB-PUSCH transmissions. During transmission gaps, the UE switches to the DL and performs frequency synchronization.
The time duration (T1) of each UL transmission period should be short enough such that the frequency error does not exceed 0.1 ppm when the frequency of the local oscillator drifts. During transmission gaps (T2), the UE receives reference signals (i.e NB-RS, NB-PBCH, and/or synchronization signals (NB-PSS/NB-SSS)) for frequency error estimation purposes and compensates for frequency error. We expect the T1 duration can be around 200 ms and T2 can be 10-20 ms. 
As an alternative to the UE estimating frequency error during the T2 transmission gaps, the eNB could measure the UE’s frequency error during T1 periods and transmit frequency error correction commands to the UE during the T2 transmission gaps. In a half-duplex system, the eNB is a natural location to measure the UE’s frequency error (since the eNB is receiving the UE signal and can perform measurements on it, whereas the HD-FDD UE is unable to receive during UL transmissions), hence this approach has obvious merits. The drawback with this approach is the additional specification work required to define the DL signalling to the UE for the frequency error correction commands.

There are various ways of implementing the transmission gap (T2):

1. ‘Rate matching’: The eNB is aware that the UE performs frequency synchronization during T2. There can be multiple T2 (m*T2) periods depending on the length of the UL transmission. The total transmission time will be extended due to the addition of the T2 periods (to a time of T0 + mT2). This approach has the advantage of eNodeB awareness and that there is no performance degradation as the number of repetitions is still the same as the original approach (without transmission gaps).

2. ‘Puncturing’: The eNB is aware that the UE performs frequency synchronization during T2, but the total transmission time is still the same as without adding T2 (T0). Then, the eNB does not consider the T2 periods in the symbol combining or repetition decoding stages. A slight performance degradation would be expected as essentially the number of repetitions is reduced, though this may be compensated through superior decoding performance of an UL signal with a lower frequency offset.

3. ‘Brute-force puncturing’: The eNB is NOT aware that the UE performs frequency tracking during T2. So, eNB will attempt to decode the UE’s NB-PUSCH for the whole duration of T0 (including during T2). The performance is expected  to be worse than the ‘rate matching’ and ‘puncturing’ cases since the eNB will be combining noise into the symbol combined / repetition decoded signal during the T2 periods. RAN4 specifications would need to account for UE’s operating in such a ‘brute-force puncturing’ manner.
The brute-force puncturing approach leads to a performance degradation, is wasteful of resource since it does not allow the T2 transmission gaps to be used to schedule other UEs in the UL and requires extra work in RAN4 in order to define performance requirements.
Whether the eNB implements the rate matching or puncturing approaches is up to eNB implementation (the eNodeB can determine the overall transmission period T2 through its scheduling and rate control functions). In either case, the location of the transmission gaps is known to both the eNB and the UE. The parameters (e.g. location, duration) of the transmission gaps can either be controlled by the eNB and signalled to the UE, or the nature of the transmission gaps can be specified. To allow for flexibility of eNB and UE implementation, we prefer that the parameters of the transmission gaps are signalled to the UE, either by UE-specific or cell-specific signalling.
Proposal 2: The location of the transmission gaps is known to both the eNB and the UE.
Proposal 3: The parameters of the transmission gaps are signaled by the eNB to the UE.
Note that when the UL transmission gaps are inserted on a UE-specific basis, while one UE is operating with a  transmission gap, another UE can be scheduled with UL resources in that UL transmission gap. Hence there is no loss to overall UL system capacity when UL transmission gaps are applied. The insertion of UL transmission gaps also helps to avoid UEs with long UL transmissions from blocking UEs with shorter transmissions.
In addition to utilizing the transmission gaps for estimation of the frequency error, the measurement gaps may also be used for other purposes. For example the UE may receive positive or negative acknowledgements (ACKs/NACKs) with respect to the ongoing long NB-PUSCH transmission. This acknowledgement information may be used for controlling early termination of the repetitive transmission.

Observation 3: The transmission gaps can be utilized for many purposes, including the eNB possibility to transmit an acknowledgement (ACK/NACK) information. This can be used for controlling early transmission of a long NB-PUSCH transmission.
The UL transmission gaps allow for superior decoding performance of NB-PUSCH (it is well known that frequency offsets reduce the SNR performance in the UL and DL, due to channel estimation limitations and restrictions on the amount of symbol combining that is possible). The superior decoding performance of NB-PUSCH can lead to fewer NB-PUSCH repetitions being required, meaning that overall latency is reduced when UL transmission gaps are introduced.

An alternative to the DL transmission gaps discussed above, would be to tolerate frequency drift from the UE during long UL transmissions, possibly aided by eNB implementations that are tolerant to frequency drift. Tolerating such frequency drift will probably lead to worse eNB decoding performance, translating to a larger number of NB-PUSCH repetitions being required and increased latency of UL transmissions (which will impact the ability to meet the 10 second latency requirement for mobile exception reporting). The UE will also be unable to receive in the DL following a long UL transmission (while the UE re-synchronises to the DL signal, e.g. thorough decoding the synchronisation / reference / NB-PBCH signals). In this case, there would need to be a specification, derived in conjunction with RAN4, for the time duration that the UE is unable to receive in the DL following a long UL transmission.
3. Conclusion

In this contribution, we have considered the impact of the HD-FDD UE architecture on the ability of the NB-IoT UE to maintain frequency accuracy during long UL transmissions and make the following observations and proposals:
Observation 1: In a long NB-PUSCH transmission, the UE would not be able to correct the frequency error that is mainly generated by the local oscillator instability.

Observation 2: The frequency error in NB-IoT with a low cost oscillator could be kept within ± 0.1ppm for 200ms.

Observation 3: The transmission gaps can be utilized for many purposes, including the eNB possibility to transmit an acknowledgement (ACK/NACK) information. This can be used for controlling early transmission of a long NB-PUSCH transmission.
Proposal 1: Introduce transmission gaps for long NB-PUSCH transmissions. During transmission gaps, the UE switches to the DL and performs frequency synchronization.
Proposal 2: The location of the transmission gaps is known to both the eNB and the UE.
Proposal 3: The parameters of the transmission gaps are signaled by the eNB to the UE.
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