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Introduction
Discussions in the Rel-13 NB-IoT WI [1] regarding continuous uplink transmissions have resulted in the definition of an uplink compensation gap (UCG) [2].  In an effort to define the gap parameters, a set of simulation assumptions were approved [3].  This paper provides the simulation results.
2
Discussion
The following objectives have been agreed for the UCG parameter evaluation in [3]:

Gap period evaluation

Objective: to evaluate the maximum length of a continuous UL transmission (NB-PUSCH or NB-PRACH) that can be successfully demodulated by the eNodeB without UE frequency or timing compensation
Gap length evaluation

Objective: to evaluate the minimum length of a DL transmission of NB-RS that can allow the UE to estimate the frequency and timing offsets with the specified accuracy
A detailed evaluation of the length of a continuous UL transmission is expected to be performed by the network infrastructure vendors, since the metric of merit depends on the demodulation performance of uplink channels.  One key parameter that is relevant for the gap length evaluation, however, is the frequency error model and the starting frequency error that the UE experiences upon switching from UL operation to DL.  In our simulation we have considered a number of starting frequency error values.
Observation 1: As an assumption on the UE crystal oscillator frequency error model, we assume no temperature compensation and a low-cost part, resulting in the worst-case frequency drift of 1 ppm per second.

The design of the UCG is based on the UE’s ability to receive the NB-RS signal and to estimate the frequency offset from these REs.  The following agreements from RAN1 #84 NB-IoT adhoc meeting minutes are relevant [4]:

Agreements:
· In cell-specific valid DL PRB pairs, a NB-IoT UE may assume that NB-RS is present 
· In cell-specific invalid DL PRB pairs, a NB-IoT UE shall not expect NB-RS
· In the PRB pair to carry NB-PSS and NB-SSS, a NB-IoT UE shall not expect NB-RS
· For in-band operation, in NB-IoT carrier, a UE without a valid configuration of the cell-specific valid DL subframes may assume NB-RS is transmitted in subframes #0 and #4 and in subframe #9 if it does not contain NB-SSS
· For guard-band and stand-alone operation, in NB-IoT carrier, a UE may assume NB-RS is transmitted in all subframes except for NB-PSS and NB-SSS
Figure 1 below illustrates the availability of NB-RS in an in-band deployment.
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Figure 1: Available resources for frequency offset estimation in an in-band deployment
a) the minimum valid set, b) the maximum valid set
In the minimum valid set, which is available for all NB-IoT UEs, every 20 ms there are 4 subframes with NB-RS available for frequency offset estimation.  With each subframe consisting of 8 NB-RS REs, we have 32 REs available for frequency offset estimation every 20 ms.  The network may configure valid subframes per UE with upper layer signalling; the maximum valid set contains 18 subframes with NB-RS available for frequency offset estimation every 20 ms.  Thus, there are 144 REs available for frequency offset estimation every 20 ms, which represents a 4.5x gain in estimation resources.
Considering two initial frequency error scenarios with 900 Hz (0.45 ppm at 2 GHz) and 500 Hz (0.25 ppm at 2 GHz), the frequency offset estimator performance was tested at {-10, -12, -15} dB SNR.  Figure 4 below illustrates the convergence of the estimator vs. time in AWGN conditions.
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Figure 4: Frequency offset error vs. time (AWGN)
Observation 2: The initial frequency error of 0.45 ppm cannot be corrected to a reasonable accuracy within 600 ms at any SNR levels of interest
Observation 3: With SNR = -12 dB and the minimum valid set the initial frequency error of 0.25 ppm can be corrected to an accuracy of 0.2 ppm within 120 ms and to an accuracy of 0.1 ppm within 480 ms

Observation 4: With SNR = -12 dB and the maximum valid set the initial frequency error of 0.25 ppm can be corrected to an accuracy of 0.2 ppm within 40 ms and to an accuracy of 0.1 ppm within 80 ms
Figure 5 below illustrates the simulation results under fading (ETU-1 Hz) conditions.
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Figure 5: Frequency offset error vs. time (ETU-1 Hz)

Observation 5: The initial frequency error of 0.45 ppm cannot be corrected to a reasonable accuracy within 600 ms at any SNR levels of interest

Observation 6: With SNR = -12 dB and the minimum valid set the initial frequency error of 0.25 ppm can be corrected to an accuracy of 0.2 ppm within 160 ms; correction to an accuracy of 0.1 ppm within is not possible within 600 ms
Observation 7: With SNR = -12 dB and the maximum valid set the initial frequency error of 0.25 ppm can be corrected to an accuracy of 0.2 ppm within 40 ms and to an accuracy of 0.1 ppm within 240 ms

Observation 8: Frequency offset correction for lower SNR levels (such as -15 dB) are possible only with greater valid subframe allocations; with the maximum valid set the initial frequency error of 0.25 ppm can be corrected to an accuracy of 0.2 ppm within 120 ms and to an accuracy of 0.1 ppm within 600 ms
3
Conclusions

Based on the above observations, the following recommendations can be made:

Recommendation 1: Based on the simulation results in ETU-1 Hz, it is recommended to relax the frequency accuracy requirement for NB-IoT to 0.2 ppm
Recommendation 2: If the frequency accuracy requirement is relaxed to 0.2 ppm, then the length of a continuous UL transmission should be set such that the maximum initial frequency offset is not much more than 0.25 ppm at the end of a continuous uplink transmission; assuming a low-cost oscillator with a frequency drift of 1 ppm per second and also keeping in mind that the number of uplink repetitions is quantized by power-of-two values, it is therefore recommended that the UCG period (i.e. the maximum length of a single continuous UL transmission) should not exceed 256 ms

Recommendation 3: Based on the simulation results in ETU-1 Hz, it is recommended that the UCG parameters should target a DL operating point of -12 dB SNR
Recommendation 4: Based on the simulation results in ETU-1 Hz, it is recommended that the UCG length should be set to 160 ms

Recommendation 5: By allocating more subframes to the UE’s valid set, the SNR level of -15 dB can be reached

Recommendation 6: If the frequency accuracy requirement cannot be relaxed, then the length of a continuous UL transmission should be set such that the maximum initial frequency offset is not much more than 0.15 ppm at the end of a continuous uplink transmission; assuming a low-cost oscillator with a frequency drift of 1 ppm per second and also keeping in mind that the number of uplink repetitions is quantized by power-of-two values, it is therefore recommended that the UCG period (i.e. the maximum length of a single continuous UL transmission) should not exceed 128 ms
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