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[bookmark: _Ref403196273][bookmark: _Ref298777854]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 with 15 kHz subcarrier spacing, and SC-FDMA with 15 kHz subcarrier spacing for multi-tone transmissions and 3.75 kHz for single-tone transmissions, and one downlink option, OFDM with 15 kHz subcarrier spacing. In this contribution, a multi-cell system capacity comparison between the uplink NB-IOT design options is presented. The simulation assumptions as described in [2] are fully adopted. 
In this paper we investigate the uplink capacity for the abovementioned options using system simulations. The question we investigate is if there is a significant additional UL capacity gain from reducing the signal bandwidth in the uplink from 15 kHz to 3.75 kHz.
[bookmark: _Ref414887926]Discussion
For UEs in bad coverage, the large amount of repetitions means that the signal bandwidth does not affect the data rate much and a smaller signal transmission bandwidth benefits capacity. That is, it allows multiplexing more users in the uplink without affecting the link performance much and the link performance is limited by the UE power and not the bandwidth. However, for UEs in good coverage there is limited capacity gain with a narrower signal bandwidth since link performance also depends on bandwidth.
The question we investigate is if there is a significant additional UL capacity gain from reducing the signal bandwidth in the uplink from 15 kHz to 3.75 kHz. Another way of formulating the question is: How big fraction of UEs has a coverage situation where going from 15 kHz to 3.75 kHz signal transmission would save significant amount of UL radio resources?
Below we provide results from system simulations showing the impact of the UL subcarrier spacing. Two different scenarios are investigated, namely a scenario with stand-alone NB spectrum and a scenario with in-band allocation of spectrum for NB.  Results are presented as the 1st (worst) percentile UE uplink throughput vs system uplink load.
Multiple tone
In Figure 1 we present the toughest GERAN scenario, with the most UEs in bad coverage. This is GERAN SI assumption Scenario 2, BPL correlation 0.75. 
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[bookmark: _Ref438130213]Figure 1: User throughput vs. load for the 1st percentile worst users; 15 kHz sub-carrier spacing.
Figure 1 depicts the user throughput at various loads for 15 KHz sub-carrier spacing, respectively, for the abovementioned scenario. It is only the UE power that limits the allocation of subcarriers in this case.
Observation 1 [bookmark: _Ref414887927]Simulations show that 15 kHz can support sufficiently large number of devices per cell.
To test the sensitivity of this observation the number of UEs in bad coverage is increased by adding an extra loss of 5 or 10 dB, respectively, to the coupling loss for each link/UE. See simulation results in Figure 2.
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[bookmark: _Ref438129995]Figure 2: Sensitivity analysis of GERAN scenario with 15kHz sub-carrier spacing. User throughput vs. load for the 1st percentile worst users; 15 kHz bandwidth with additional users in bad coverage.
Figure 2 shows the user throughput vs load for a system with various levels of additional loss (i.e. poorer coverage). For 5 and 10 dB extra loss, the capacity difference at the 1st percentile UE throughput around 200 bps (~target for NB-IOT) is 10% and 28%, respectively.
Observation 2 [bookmark: _Ref438219077]The previous observation holds even when coverage is very poor.
[bookmark: _Ref414887928]Single tone
For the single-tone case, there can be two cases (i) Standalone operation with only 15/3.75 kHz single-tone and no guard band, and (ii) Multiplexed 15 kHz and 3.75 kHz with guard subcarriers – either standalone or inband operation. 
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[bookmark: _Ref438218879]Figure 3: User throughput vs. load for the 1st percentile worst users with multiplexed 15 kHz and 3.75 kHz with guard subcarriers. 
Figure 3 shows results of simulations for case (ii) with 3.75 kHz single carrier both as a single 1 subcarrier and a multiple of 15kHz subcarriers (equal to four 3.75kHz subcarriers). With this setup, 15kHz provides much higher throughput than 3.75kHz and slightly higher capacity than for the 3.75kHz-case. Note that a guard band of 20 kHz is considered since there is a mix of 3.75 kHz and 15 kHz subcarriers.
Observation 3 15kHz provides much higher throughput than 3.75kHz and slightly higher capacity than for the 3.75kHz-case.
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Figure 4: Sensitivity analysis of scenario 2 for case (ii) with additional users in bad coverage.
Figure 4 shows a sensitivity analysis of case (ii) with 3.75 kHz single carrier both as a single 1 subcarrier and a multiple of 15kHz subcarriers. It appears that 3.75 kHz leads to a small loss/gain in case of multi-plexed 15 and 3.75 kHz with guard bands, depending on the extra path loss.
Observation 4 Sensitivity analysis confirms previous results.
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[bookmark: _Ref414887933]Figure 5: Scenario case (i) with single tone, 3.75 and 15 kHz sub-carrier spacing.
Figure 5 depicts the user throughput of case (i) at various loads for 15 KHz and 3.75 kHz subcarrier spacing, respectively, for single-tone user bandwidths. Stand-alone mode is assumed and no guard-bands are considered. At low load, there is a significant user throughput loss for 3.75 kHz subcarrier-spacing compared to 15 kHz subcarrier-spacing, when only a single tone is allocated for each user. This is a consequence of leaving a large fraction of the spectrum unused. On the other hand, 3.75 kHz subcarrier-spacing gives a slightly higher capacity. The very small capacity increase by 3.75 kHz subcarrier spacing can however not be motivated due to the large decrease in user throughput.
Observation 5 Potential gains with 3.75kHz are not consistent.

Conclusions
The simulations presented here show that there is limited UL capacity gain with 3.75 kHz signal bandwidth instead of 15 kHz. There is some gain in some scenarios, e.g. the more challenging use cases, while in other scenarios 15kHz performs better, e.g. the GERAN scenarios.  
Extra guard bands are needed only for 3.75 kHz signal bandwidth. These guard bands result in 11% loss for the GERAN scenario and 3% loss to 12% gain for more challenging use cases
Observation 1 Simulations show that 15 kHz can support sufficiently large number of devices per cell.
Observation 2 [bookmark: _Ref438219080]The previous observation holds even when coverage is very poor.
Observation 3 [bookmark: _Ref438219081]15kHz provides much higher throughput than 3.75kHz and slightly higher capacity than for the 3.75kHz-case.
Observation 4 Sensitivity analysis confirms previous results.
Observation 5 Potential gains with 3.75kHz are not consistent.

References
[1] [bookmark: _Ref430941298]RP-151621, “New Work Item: NarrowBand IOT (NB-IOT)”, source Qualcomm Incorporated, RAN#69, Sep 14th to 16th, 2015, Phoenix, USA. 
[2] 3GPP TR 45.820, “Technical Specification Group GSM/EDGE Radio Access Network; Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things,” Aug. 2015, v.2.0.0.


1(6)
[bookmark: _Toc458939174]6(6)
image2.png
25

- o ~

User throughput (kbps)

e
o

uL

=0 =15 perc, 15kHz, 5dB extra loss
1%t perc, 15kHz, 10dB extra loss

Devices per Cell




image3.jpeg
User throughput (kbps)
AN v s e e N ® ©

o

uL

== 1%! perc, 15kHz

—#— 15 perc, 3.75ktHz for single carrier

0.5

1

15 2 25
Devices per Cell

*x10°




image4.png
uL

3
=0 = 1" perc, 15kiz, 5B extra loss
=0 = 1% perc, 3.75kHz for single carrier, 5dB extra loss
25 loa =+ -+ 1% perc, 15KkHz, 1008 extra loss
- 08 gL=*©* 1 perc, 375Kz for singie carrier, 104 extra loss
2
sy
= 2
]
£
515
S
2
£
T 1
5
e
=1
05

X 3 35
Devices per Cell x10°




image5.png
User throughput (kbps)
~ w IS o

uL

—8—1" porc, 15KHz, only single-tone
—#—1" porc, 3.75KHz, only single-tone

0.5

1

15 2 25 3
Devices per Cell x10°




image1.png
User throughput (kbps)
AN e Aae e N @ ©

o

uL

@1 perc, 15kHz

05

1

15 2 25 3
Devices per Cell x10°




