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1 Introduction
3GPP TSG RAN has agreed a new Work Item (WI) [1] to carry out the normative work during Release 13. The Work Item includes three deployment scenarios, namely standalone, LTE guard band, and LTE in-band. It is specified in the WI that OFDMA will be supported on the downlink and encouraged to have a single numerology. 

For in-band operation, it is commonly agreed that LTE numerology to be adopted on the downlink to support broadband LTE signals and to avoid interference to other LTE signals in different physical resource blocks (PRBs). For standalone operation it is however not clear if 15 kHz subcarrier spacing can meet the requirements specified in [2], primarily owing to strict emission mask and associated inter-symbol interference (ISI) problem. 
The emission and ISI problem associated with 15 kHz tone spacing has been discussed in [3] and [4]. Results so far are not conclusive. In this document, LTE numerology for NB-IoT standalone operation is analysed and simulation results are presented.
2 Discussion
For LTE standalone operation, initial deployment is expected to be in the existing GSM spectrum by re-farming one of the 200 kHz GSM channels. To avoid negative impacts to legacy GSM systems, the transmit power spectral density (PSD) of standalone NB-IoT needs to meet some tight mask. Earlier studies from NB-CIoT and NB-LTE show that GSM PSD mask is a reasonable target for NB-IoT in standalone operation. The tight PSD mask requires transmit filtering/windowing that may cause inter-symbol interference (ISI) and inert-carrier interference (ICI) when LTE numerology is used. In addition, several other factors also contribute to interferences, as listed below:
· Transmit filtering/windowing required to meet GSM mask.

· Aggressive receive filtering, particularly when lower sampling rate and smaller FFT size are to be used.

· Timing uncertainty at the receiver. It is agreed that timing error in the range [-2.5s, 2.5s], consistent with the Nyquist sampling rate, will be used in evaluations. 

Since the duration of the cyclic prefix (CP) in LTE is only 4.7s, comparable to the inverse of the filter bandwidth, the delay spread of the channel including filters is expected to be longer than CP thereby giving rise to ISI and ICI.

3 System Model

The system model of this study is depicted in Figure 1. Several remarks are listed below.

· At the transmit side, a linear FIR filter is applied after IFFT to shape the transmit PSD. 

· At the receive side, a linear FIR filter is applied to the received signal at sampling rate of 1.92M. The signal is then down-sampled to 240k samples/s before FFT. The length of receiver FFT is therefore 16, among which 12 tones are data tones.

· For the purpose of study, the sampling phase of the down-sampler may change from OFDM symbol to symbol, allowing each FFT window to start from any sample before down sampling. In practical implementation where a receiver using 240k samples/s ADC will not have the same timing granularity and hence extra FFT window timing error, in the worst case 4 samples at 1.92M samples/s. 
· 240k sampling rate is considered because it requires the most aggressive receive filter and largest interference. Corresponding results are the worst among other optional higher sampling rate and longer FFT length. 
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Figure 1 System model
The transmit FIR filter has 21 taps and the resulting PSD of transmit signal is plotted in Figure 2. As can be seen, the resulting transmit PSD meets the GSM PSD mask.
The receive FIR filter has 25 taps and its frequency response is shown in Figure 3. 

The impulse response (IR) of the cascade of transmit and receive filters is depicted in Figure 4. As can be seen, the main lobe of the filter IR has 15 samples, much longer than the CP. Even with perfect timing, there will be ISI and ICI. 
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Figure 2 Signal PSD after a 21-tap filter
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Figure 3 Response of the 25-tap FIR receive filter
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Figure 4 Convolution of the impulse responses of transmit and receive filters
4 Simulation Results 

The mean signal to interference ratio (SIR) at the receive FFT output, measured over a total of 5000 independent channel realizations according to the 12-tap TU1 model (Annex C of 3GPP TS 45.005), is plotted in Figure 5 as a function of FFT window timing. The FFT starting time 0 corresponding to the expected arrival time of the strongest path. A negative starting time indicates that the FFT window starts earlier. 

[image: image5.emf]-8 -6 -4 -2 0 2 4 6 8

12

14

16

18

20

22

24

26

28

30

32

FFT Start Sample (1.92 M samples/s)

SIR (dB)

 

 

Edge tone

Center tone


Figure 5 Mean SIR as a function of FFT window timing.
The following can be seen from the figure.

· The edge tone always has lower SIR. This is because it suffers larger distortion due to filtering.

· For the given transmit and receive filters, the best FFT starting time is around the arrival of the strongest path. The SIR degrades more gracefully as the FFT starting time moves towards the CP region.

· For FFT starting time in the range of -6 to 4 samples, about the same duration as the agreed timing uncertainty range, the mean SIR is above 22dB.
The mean SIR at best is indicative since SIR varies as channel does. For better understanding of the impacts on performance, the CDF curves of the SINR are provided in Figures 6 and 7 for expected SNR of 10dB and 20dB, respectively. The CDF of the ideal SNR shown in the figure are obtained without interference and without transmit and receive filters.   
The following can be seen from the figures.
· At 10 dB SNR, the performance loss due to interference is small when the FFT timing is in the range of -6 to 4 samples. 

· At 20dB SNR, the performance loss at 10% BLER is about 1.5dB to 2 dB if FFT starts -6 samples, or, 3.1s earlier, which is the gap between the ideal CDF curve and the curve with lag -6 at roughly 10%.  The performance loss with lag 0 however is small.
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Figure 6 CDF of SINR at 10dB SNR
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Figure 7 CDF of SINR at 20dB SNR
Link level simulation results for QPSK-1/2 and 16 QAM-2/3 are provided in Figures 8 and 9, respectively. The LTE tail-biting convolutional code with puncturing is used. A data packet has 800 bits. All the 12 tones are allocated. With 1 Hz Doppler shift, the channel stays nearly constant during the transmission of a data packet. 
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Figure 8 BLER performance of QPSK-1/2 with different FFT timing
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Figure 9 BLER performance of 16QAM-2/3 with different FFT timing

As a result, performance loss is expected to be consistent with that indicated by figures 6 and 7. Indeed, it can be seen from the figures that results are consistent.

For QPSK-1/2, it can be seen that the performance loss is about 0.5dB even with lag -6. For 16QAM-2/3, the performance loss is about 0.6 dB if FFT starting time is uniformly distributed in the range of -6 to 4 samples. The performance loss for less efficient modulation and coding schemes will be smaller
In summary we can conclude that the performance loss, due to interference caused by necessary transmit and receive filters and timing error, is 0.6 dB for 16 QAM-2/3 and less for lower order modulations. Apparently, such loss has negligible impact on system capacity. Since LTE numerology is the only option considered for in-band operation, we have the following proposal.

Proposal 1: Adopt 15 kHz tone spacing for the downlink in all NB-IoT deployment scenarios. 
5 Summary

In this document, we have studied the use of LTE numerology in NB-IoT standalone operation. Transmit and receive filtering are considered to meet the GSM PSD mask and to allow smaller receive FFT processing.
From this study, we can conclude that LTE numerology for NB-IoT DL in standalone operation 

· supports 16 QAM with about 0.6 dB performance loss while meeting GSM transmit PSD mask, and
· has negligible impact on lower order modulations, and hence
· is feasible to meet the objectives as defined in Sec. 5 of TR45.820. 
We also have the following proposal:

Proposal 1: Adopt 15 kHz tone spacing for the downlink in all NB-IoT deployment scenarios. 
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