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1. Introduction

At RAN#69 [1], a new work item named NarrowBand IoT (NB-IoT) was approved, which supports three operation modes: stand-alone, in-band and guard-band. For the downlink, two numerology options will be considered: OFDMA with 15 kHz sub-carrier spacing and OFDMA with 3.75 kHz sub-carrier spacing. For the uplink, two technology candidates are listed: FDMA with GMSK modulation, and SC-FDMA (including single-tone transmission as a special case). It is suggested that RAN1 carry out evaluations to compare the system performances, which would be used for technology down-selection or inclusion.
In this contribution, uplink and downlink capacity performances of NB-IoT under in-band operation are evaluated. OFDMA with 15 kHz sub-carrier spacing is adopted for the downlink [2]. For the uplink, both FDMA and SC-FDMA (including 2.5 kHz and 15 kHz sub-carrier spacing) are simulated for comparison. Two candidate solutions to NB-IoT: NB-IoT(FDMA) and NB-IoT(SC-FDMA) are simulated.
2. Simulation assumptions

2.1. Number of devices per sector
In the simulation, carrier frequency of 2.0 GHz and inter site distance of 500m are used. The cellular IoT device density per cell site sector is calculated by assuming 40 devices per household. The household density is based on the assumptions for London in Annex A of TR 36.888 [3]. As shown in Table 1, the target number of devices per cell site sector is 12347.
Table 1  Device density assumption per cell site sector
	Case
	Household Density per Sq km
	Inter-site Distance (ISD) (m)
	Number of devices within a household
	Number of devices within a cell site sector

	Dense Urban
	4275
	500
	40
	12347


2.2. Traffic model

The traffic profile defined in sub-clauses 5.2.2 [4] is followed. Mobile Autonomous Reporting (MAR) periodic traffic model and Network Command traffic model are adopted in the simulation. The split of devices between MAR periodic and Network Command is MAR periodic (80%) and Network Command (20%).
The application payload size distribution of MAR periodic traffic model is based on Pareto distribution with shape parameter alpha of  2.5 and minimum application payload size of 20 bytes with a cut off of 200 bytes i.e. payloads higher than 200 bytes are assumed to be 200 bytes. The split of inter-arrival time periodicity for MAR periodic is 1 day (40%), 2 hours (40%), 1 hour (15%), and 30 minutes (5%). A DL application layer ACK for an uplink periodic reporting event is assumed in 50% of UL MAR periodic reports generated. The application downlink ACK payload size is assumed to be 0 bytes. The total packet size (above equivalent of SNDCP layer) is the overhead due COAP/DTLS/UDP/IP and is immediately sent after the base station successfully receives an application UL packet.

The size of the downlink Network Command is assumed to be 20 bytes and the distribution of the periodic inter-arrival time is the same as for MAR periodic model. It is assumed that 50% of such Network Commands will require the MS to send an application layer UL response whilst the other 50% will not generate a response in system level simulations. The distribution of the application payload size in response to the Network Command, where applicable, is the same as application payload size distribution of MAR periodic in Table E.2-1 of [4].
The MAR periodic traffic and Network Command traffic are assumed to be uniformly distributed over time.
Furthermore, IP header compression is not used in the simulation, thus the protocol overhead for COAP/DTLS/ UDP/IP amounts to 65 bytes. And a Gb architecture is assumed, which results in additional overheads of 4 bytes from SNDCP, 6 bytes from LLC, 2 bytes from MAC, and 3 bytes CRC.
It is anticipated that more traffic with larger payload need to be transmitted in the uplink, since devices of 80% and devices of 20%*50%=10% would generate uplink traffic with (20~200)+65+15=100~280 bytes payload, and devices of 80%*50%=40% and devices of 20% would generate downlink traffic with 65+15=80 bytes payload and 20+65+15=100 bytes payload respectively.
2.3. Interference model for in-band operation
NB-IoT would see interference from LTE when operated in-band. The interference model described in [5] is used in the simulation, and for in-band operation, in the worst case, NB-IoT would experience interferences from LTE transmission on both sides of resources.

2.4. Other simulation assumptions

In the capacity evaluation of NB-IoT, a frequency reuse of 1/1 is assumed. For each sector, there are totally 36 subcarriers (FDMA) or 72 subcarriers (SC-FDMA) can be used for uplink transmission, and 12 subcarriers can be used for downlink transmission.
The open loop power control mechanism described in sub-clause 7.3.3.2.2 of [4] is adopted in the simulations.
The resource allocation for NB-IoT (FDMA) is described in [4]. The transport block size defined in LTE could be reused for NB-IoT (SC-FDMA), and the following MCS levels in Table 2 and Table 3 are used for uplink and downlink respectively in the system simulations. It is noted that the MCS levels are only used for evaluation. We believe that some more elaborated or optimized design is necessary in the future.
The choice of MCS levels for certain device is scheduler’s implementation. In general, devices with higher SINR should use high order modulation and code rate, low repetition factor. If the scenario is band-limited, it is better to use high bonding factor instead of allocating more number of subframes. If the device has low SINR (power limited), low order modulation and code rate, high repetition factor are used. If more data are to be transmitted, it is better to use more subframes instead of high bonding factor. Bonding factor refers to the number of subcarriers allocated to one terminal device.
Table 2 MCS levels used for uplink
	MCS level
	Modulation
	Code Rate
	Repetition factor
	Bonding factor

	0
	BPSK
	1/3
	16
	1

	1
	BPSK
	1/3
	8
	1

	2
	BPSK
	1/3
	4
	1

	3
	BPSK
	1/3
	3
	1

	4
	BPSK
	1/3
	2
	1

	5
	BPSK
	1/3
	1
	1

	6
	QPSK
	1/3
	1
	1

	7
	QPSK
	2/3
	1
	1

	8
	QPSK
	2/3
	1
	2

	9
	QPSK
	2/3
	1
	4

	10
	QPSK
	2/3
	1
	8


Table 3 MCS levels used for downlink
	MCS level
	Modulation
	Code Rate
	Repetition factor

	0
	BPSK
	1/3
	8

	1
	BPSK
	1/3
	4

	2
	BPSK
	1/3
	2

	3
	BPSK
	1/3
	1

	4
	BPSK
	1/2
	1

	5
	BPSK
	2/3
	1

	6
	QPSK
	1/2
	1

	7
	QPSK
	2/3
	1


In the downlink, for in-band operation, 30% overhead for common channels (including PDCCH, PBCH, PSS, SSS, reference signals) is assumed.
Based on the traffic model, the number of MAR periodic traffic sessions generated per sector per day is NMS*8.96, and the number of Network Command traffic sessions generated per sector per day is NMS*2.24, where NMS is number of devices per sector. During the actual simulation time Tsim (in seconds), the total number of downlink traffic sessions generated per sector is (NMS*8.96*50%+ NMS*2.24)*Tsim /86400=6.72*NMS*Tsim /86400. Assuming the NMS=20000 and Tsim=100, the number of downlink traffic packets per sector is about 156. With the maximum payload 100 bytes, and a rough assumption of average transmission time 50 ms when EPDCCH overhead is not considered, the resource utilization ratio for PDSCH is less than 10%. Therefore, there are 60% resources available for EPDCCH besides the overhead for common channels. That is sufficient to meet the requirement of EPDCCH.
Other simulation assumptions are listed in Annex for convenience, most of which follow Table D.1 in Annex D of [4].

3. Simulation results

We focus on case 8 (building penetration loss (BPL) scenario 2 with 0.75 inter-site correlation coefficient, without IP header compression, definition can be found in [4]) in the following which represents the most challenging scenario. And the capacity result is given by:
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Here the total number of successful uplink reports collected from all cell sites is Nreport, the number of simulated cell sites is Nsite, and the number of 200 kHz carriers allocated to one cell site is N200kHz. The value of N200kHz has been set to 1 in the following capacity results. Tsim is the actual simulation time in seconds.
Fig.1 compares the uplink capacity of NB-IoT(SC-FDMA) and NB-IoT(FDMA) for in-band operations. It is observed that although both techniques fulfil the uplink capacity requirement, NB-IoT(SC-FDMA) outperforms NB-IoT(FDMA), due to the higher spectral efficiency of SC-FDMA. NB-IoT(SC-FDMA) with 15 kHz subcarrier spacing may loss some coverage performance, but the interference from LTE resources is negligible, therefore the uplink capacity performances for NB-IoT(SC-FDMA) with 15 kHz and 2.5 kHz subcarrier spacing are quite close.
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Fig.1 Uplink capacity comparison between NB-IoT(SC-FDMA) and NB-IoT(FDMA)
Fig.2 compares the MAR failure probability as a function of the number of MS, between NB-IoT(SC-FDMA) and NB-IoT(FDMA), for in-band operations. It is observed that NB-IoT(SC-FDMA) outperforms NB-IoT(FDMA) by a big margin. Due to the coverage performance loss of NB-IoT(SC-FDMA) with 15 kHz subcarrier spacing, the MAR failure probability of which is higher than that of 2.5 kHz subcarrier spacing.
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Fig.2 MAR failure probability comparison
Fig.3 compares the downlink capacity of NB-IoT(SC-FDMA) and NB-IoT(FDMA) for in-band operations. It is observed that although both techniques fulfill the downlink capacity requirement, NB-IoT(SC-FDMA) outperforms NB-IoT(FDMA), since 50% of UL MAR periodic reports need a DL application layer ACK, the worse performances on the uplink capacity and MAR failure probability of NB-IoT(FDMA) would affect the transmission of DL application layer ACK. The downlink capacity performances of NB-IoT(SC-FDMA) with 15 kHz and 2.5 kHz subcarrier spacing are quite close.
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Fig.3 Downlink capacity comparison when uplink is NB-IoT(SC-FDMA) or NB-IoT(FDMA)
4. Conclusions

In this contribution, uplink and downlink capacity performances of NB-IoT under in-band operation are evaluated. OFDMA with 15 kHz sub-carrier spacing is adopted for the downlink. For the uplink, both FDMA and SC-FDMA are simulated for comparison.
It is observed that both techniques can meet the capacity requirements. However, SC-FDMA has higher capacity and lower report failure probability than FDMA. The inferior performance of FDMA is due to the guard-band for each narrow band, thus reducing the spectral efficiency. Therefore, it is recommended to adopt SC-FDMA for the uplink of NB-IoT.
In addition, 15 kHz subcarrier spacing could be considered, since its performance is quite close to that of 2.5 kHz subcarrier spacing. Thus the LTE system design could be reused as much as possible.
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Annex
Table A.1  Assumptions for system level simulations
	No
	Parameter
	Assumption

	1
	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site with wrap-around

	2
	Frequency band
	2.0GHz*

	3
	Inter site distance 
	500m

	4
	MS speed 
	0 km/h

	5
	User distribution
	Users dropped uniformly in entire cell

	6
	BS transmit power
	46dBm, shared by all LTE PRBs and NB-IoT

	7
	MS Tx power
	Max. 23 dBm with open loop power control

	8
	Path loss model
	Comply with UMa

	9
	Shadowing standard deviation
	8 dB

	10
	Correlation distance of Shadowing
	110 m

	11
	Shadowing correlation
	Between cell sites
	0.5

	
	
	Between sectors of the same cell site
	1.0

	12
	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
	See table 5-7, 3GPP TR 45.914, 65° H-plane.

	13
	BS antenna gain
	18 dBi

	14
	MS Antenna gain
	-4 dBi

	15
	BS cable loss
	3 dB

	16
	Building Penetration Loss
	Based on distributions derived from adapted COST 231 NLOS model. See Annex D.1 of [4].


* 2.0 GHz is chosen for convenience of simulation (2GHz has so far been widely used in study on various LTE technologies. However, it is expected that for low cost MTC, < 1GHz deployments would be typical in in-band or guard-band operations.)
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