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[bookmark: _Ref409106980][bookmark: _Ref387147111][bookmark: _Ref416466774]Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IOT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things 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 (optimized) network architecture. 
NB-IOT should support 3 different modes of operation: 
1.	“Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers
2.	“Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	“In-band operation” utilizing resource blocks within a normal LTE carrier
NB-IOT currently includes two uplink options under consideration, SC-FDMA, and FDMA with GMSK modulation, and two downlink options, OFDM with 3.75 kHz subcarrier spacing, and OFDM with 15 kHz subcarrier spacing. In this contribution, a multi-cell system capacity comparison between the NB-IOT design options is presented. The simulation assumptions as described in [2] are fully adopted. 
[bookmark: _GoBack]In this contribution, inband operation is evaluated. For the downlink, two configurations are studied; one assuming no MBMS, and one assuming that 60% of the DL subframes are MBSFN subframes that are dedicated to MBMS. Note that the case where the MBSFN is used not for MBMS but to e.g. schedule TM9/10 UEs corresponds to the case without MBMS, since that setup has no negative effect on NB-IOT. 
This contribution updates the results given in [4]. The results here include the PA back-off for multi-tone transmissions for the UL as well as the subcarrier spacing of 2.5 kHz FDMA with GMSK modulation.
Capacity Performance Evaluation
A capacity evaluation following the same methodology as in [3] has been performed. However, for the inband case, additional overhead has been added, and the downlink power has been adjusted. 
The downlink overhead is increased from 24.6% to 38.0% due to the need to avoid legacy LTE CRS, PDCCH, PCFICH, and PHICH. For the MBMS case, this assumption is modified. Also, the downlink power is assumed to be 35 dBm, equivalent to 6 dB PSD boosting of a PRB in a 10 MHz LTE system with 40 W total output power. 
For the uplink, the SC-FDMA overhead is changed since it is assumed that 4 subcarriers on each edge are not scheduled but used as a guard band to LTE.
Downlink Capacity Performance Evaluation
MBSFN subframes can be used for MBMS transmissions. But MBSFN subframes can also be used to reduce the CRS interference for UEs supporting transmission modes 9 or 10, which don’t need CRS. In this contribution a capacity evaluation has been performed assuming 60% of the subframes allocated for MBSFN. In the case where MBMS transmission is assumed, no NB-IOT transmissions occur in the MBSFN subframes, reducing the available resources also for NB-IOT with 60%. In the case where MBSFN subframes are used for TM9/10 UEs, NB-IOT transmissions can occur as normal in the PRB allocated to NB-IOT. This case corresponds to the case without MBMS. 
Figure 1 illustrates the downlink capacity of the inband scenario for the two cases, no MBMS, and 60% MBMS. Without MBMS the DL capacity is 180,000 devices per cell, far exceeding the requirement of 52,500 devices per cell. 
Observation: The in-band deployment mode can far exceed the required DL capacity with a single PRB with the 15 kHz DL option.
With MBMS transmission there is a naturally a clear capacity loss since a majority of the resources are dedicated to MBMS. However, even in this case, 72,000 devices per cell can still be supported, which means that the 15 kHz DL option meets the capacity target with a single NB-IOT PRB even when MBMS is configured in 60% of the resources.
Observation: The in-band deployment mode can meet the capacity target with the 15 kHz DL option with a single NB-IOT PRB even when MBMS is configured in 60% of the resources.
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Figure 1 Downlink capacity (worst percentile user throughput), based on scenario 2 with 
0.75 BPL correlation
Figure 2 shows the results in the form of messages handled per hour versus devices per cell. 
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Figure 2 Downlink capacity with and without 60% of the resources dedicated to MBMS.
Figure 3 shows that the user data rate in the downlink at the targeted system load is satisfactory even for the users in worst coverage. 
Observation: In the inband deployment mode, the 15 kHz DL option ensures satisfactory data rate for the worst percentile UEs. 
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Figure 3 Downlink performance of UEs at coverage limited locations. Performance is 
evaluated at the target system load of 52500 devices per sector.
Uplink Capacity Performance Evaluation
System-level simulations are used to analyse the achievable system capacity. Uplink capacity results are shown in Figures 4-7. The vertical black line in Figures 6-7 represents the target number of devices within a sector taken from Table E.1-1 in [2]. It can be seen that both UL options meet the capacity target with reuse 1, but SC-FDMA by far outperforms FDMA with GMSK. 
In Figure 4 we see the comparison between SC-FDMA and the 5 kHz FDMA with GMSK design. We see how the user throughput for the worst percentile users varies with traffic load. We also see that with reuse 3, GMSK barely reaches the capacity target. 
In Figure 5 we see the comparison between SC-FDMA and the 2.5 kHz FDMA with GMSK design. The figure shows that GMSK 2.5 kHz option with reuse 1 can handle about 96,000 devices per cell, while SC‑FDMA handles about the double, 181,000 devices per cell. This shows that although some subcarriers for SC-FDMA have been assumed to be used as a guard band to LTE, the UL capacity of SC-FDMA is very good, far exceeding that of GMSK. 
Observation: SC-FDMA has about twice the capacity compared to GMSK also in in-band mode.
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Figure 4  Comparison between SC-FDMA and FDMA with GMSK with 5 kHz sub-carrier spacing in terms of uplink capacity (in worst percentile user throughput), based on scenario 2 with 0.75 BPL correlation
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Figure 5  Comparison between SC-FDMA and FDMA with GMSK with 2.5 kHz sub-carrier spacing in terms of uplink capacity (in worst percentile user throughput), based on scenario 2 with 0.75 BPL correlation
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Figure 6  between SC-FDMA and FDMA with GMSK with 5 kHz sub-carrier spacing in terms of uplink capacity (in #messages/hour), based on scenario 2 with 0.75 BPL correlation
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Figure 7  between SC-FDMA and FDMA with GMSK with 2.5 kHz sub-carrier spacing in terms of uplink capacity (in #messages/hour), based on scenario 2 with 0.75 BPL correlation
Figure 8 shows the uplink report failure probability for increasing traffic load. We see that for the same probability level the capacity with SC-FDMA is roughly twice as high as with GMSK. For example, at 0.2% probability, 105,000 devices per cell can be supported with GMSK, while SC-FDMA supports 180,000 devices per cell.
[image: ]
Figure 8  UL MAR failure probability, based on scenario 2 with 0.75 BPL correlation. (Failure event defined as delivery time exceeding 30 seconds.)


Conclusions
The capacity of an in-band deployment of NB-IOT has been studied for the 15 kHz DL option, and all UL options. This contribution also provides updated results for the option of 2.5 kHz FDMA with GMSK.
Observation: The in-band deployment mode can far exceed the required DL capacity with a single PRB with the 15 kHz DL option.
Observation: The in-band deployment mode can meet the capacity target with the 15 kHz DL option with a single NB-IOT PRB even when MBMS is configured in 60% of the resources.
Observation: In the inband deployment mode, the 15 kHz DL option ensures satisfactory data rate for the worst percentile UEs. 
Observation: SC-FDMA has about twice the capacity compared to 2.5 kHz FDMA with GMSK also in in-band mode.
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