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[bookmark: _Ref409106980]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
Furthermore according to [1], NB-IOT should have a single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals.
In [2], it is shown that a narrowband LTE solution supports all three modes of operation mentioned above and has a single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals.
In this contribution, multi-cell system capacity analysis of NB-LTE is presented. The simulation assumptions as described in [3] are fully adopted. Furthermore, NB-LTE capacity is compared to the NB CIoT capacity as documented in [3].
Simulation assumptions
Coupling loss model
Coupling loss distributions according to the system-level simulation parameters specified in Annex D of [3] are shown in Figure 1. Note that according to [3], Scenario 2 is the most challenging scenario since it has a higher percentage of UEs having higher extra wall penetration loss. We will use Scenario 2 with 0.75 building penetration loss (BPL) correlation in the below discussion and evaluation.
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[bookmark: _Ref426710034]Figure 1: Coupling loss distributions for cases studied in GERAN 
(based on Annex D of [3]).
Traffic model
The traffic models adopted in the evaluation include Mobile Autonomous Reporting (MAR) periodic model and Network Command (NC) model. The split of devices between MAR periodic and NC is 80% for MAR and 20% for NC. 
The MAR periodic reporting 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 inter-arrival time periodicity may be 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. 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 [3]. 
Furthermore, a Gb architecture is assumed. We assume that header compression is not used, and thus the protocol overhead amounts to 65 bytes.
All these simulation assumptions follow sub-clauses 5.2.2 of [3].
Additional simulation assumptions
All the simulation assumptions relevant to system capacity analysis as described in [3] are used in our analysis. In this subsection, we list additional simulation assumptions used in our analysis. 
The link-to-system (L2S) models are calibrated based on link-level simulation results included in [3] for UEs who need 164 dB coupling loss, and [4] for UEs who need 144 dB and 154 dB coupling loss. The L2S model used in the system-level simulations is compared to link simulation results in Figure 2 and Figure 3 for downlink and uplink, respectively. For DL, the L2S model matches link simulation results almost perfectly. For UL, the L2S model does not capture the time diversity for the extreme coverage case (i.e. 164 dB MCL), and thus the L2S model for UEs in extremely poor coverage condition are pessimistic.
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[bookmark: _Ref431210513]Figure 2: Comparison of L2S model and actual link simulation results (DL).
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[bookmark: _Ref431210515]Figure 3: Comparison of L2S model and actual link simulation results (UL).
Imperfect link adaptation is assumed, and we model the link adaption error as a normally distributed random variable, which has zero mean and 3dB standard deviation. This error term is added to the true SINR before selecting MCS. The MCS combinations used in the evaluation are presented in Table 1.

Table 1: MCS used for the evaluation
	Link direction
	Code rate (and modulation, if not QPSK)

	Downlink
	0.01
	0.02
	1/30
	1/12
	1/6
	1/3
	1/2
	0.7
	0.93

	Uplink
	0.21 (BPSK)
	0.26
	0.33
	0.7
	0.93
	



For downlink, we assume 25% overhead for common and control channels. Thus, only 75% of the total resource elements are used for M-PDSCH. For uplink we assume that 40% overhead for control channels, and thus only 60% of radio resources are used for M-PUSCH.
Simulation results
System-level simulations are used to analyse the achievable system capacity. Uplink capacity results are shown in Figure 4. The vertical black line represents the target number of devices within a sector taken from Table E.1-1 in [3]. It can be seen that NB-LTE easily meets the capacity target for both re-use factors investigated. Furthermore, reuse 1 achieves much higher capacity than reuse 3. This is due to the fact that each cell has much more radio resources to serve the uplink traffic and the benefit of such outweighs the increase in inter-cell interference. The uplink capacity of NB CIoT can be found in subclause 7.3.6.2.1.5 of [3], which is included in Figure 5 below. Note that in Figure 5, “case 8” corresponds to scenario 2 with 0.75 BPL correlation. Observe that, NB CIoT uplink capacity starts to deviate from linear slope, indicating that system starts to enter the capacity saturation region at the target capacity level of 52,500 devices per cell. In comparison, NB-LTE uplink with reuse 3 has capacity deviate from the linear slope at 78,000 devices per cell, which is approximately 48% higher than NB CIoT. Fundamentally, NB-LTE uplink is much more spectrally efficient than NB CIoT uplink, partly due to the benefit of SC-FDMA which packs subcarriers tightly at the expense of 7% overhead for cyclic prefix. On the other hand, NB CIoT uplink requires 33% overhead for guardband between two FDMA carriers. Furthermore, NB-LTE supports MCS with QPSK and coding rate up to 0.93. Thus, the maximum spectral efficiency is 1.49 bps/Hz for QPSK, accounting for CP and demodulation reference symbols (DMRS) overheads. This can be easily calculated as follows. There are 12 QPSK symbols in one 6-ms M-subframe and 2.5 kHz bandwidth, giving maximal spectral efficiency with coding rate 0.93 as
0.93*2*12/0.006/2500=1.49 bits/second/Hz.
The maximal spectral efficiency for NB CIoT uplink before accounting for frequency reuse is 0.37 bps/Hz. This is calculated based on Table 7.3.3.1-2 in [3], according to which GMSK modulation achieves 1.83 kbps per 5 kHz bandwidth or 14.7 kbps over 40 kHz (bonding factor 8), and consequently a maximum spectral efficiency of 0.37 bps/Hz. The spectral efficiency comparison is summarized in Table 2.
Table 2: Maximum uplink spectral efficiency
	Maximum UL spectral efficiency [bps/Hz]

	NB-LTE
	NB-CIoT

	1.49
	0.38



Thus, based on the same frequency reuse factor, NB-LTE has much higher maximum spectral efficiency than NB CIoT. Since there are many UEs in the system that have high a SINR, and these UEs benefit from a much spectrally efficient design.
[bookmark: _GoBack]In Figure 4, it can further be seen that with reuse 1, NB-LTE uplink capacity deviates from the linear slope at 200,000 devices per cell, which is close to 4 times NB CIoT uplink capacity. 
The corresponding uplink MAR failure probability for NB-LTE is shown in Figure 6. We define a MAR failure as a report delivered with total latency more than 30 seconds. It can be seen that at the target capacity level, MAR delivery failure probability is 0. 


[bookmark: _Ref412710916][image: ]
[bookmark: _Ref429234139]Figure 4: NB-LTE uplink capacity (in #reports/200 kHz/hour), based on scenario 2 with 0.75 BPL correlation.
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[bookmark: _Ref431211745]Figure 5: NB CIoT uplink capacity (in #reports/200 kHz/hour) (note that “case 8” corresponds to scenario 2 with 0.75 BPL correlation. (results taken from subclause 7.3.6.2.1.5 of [3])
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[bookmark: _Ref429234156]Figure 6: UL MAR failure probability, based on scenario 2 with 0.75 BPL correlation. (Failure event defined as delivery time exceeding 30 seconds).
Downlink capacity is shown in Figure 7. It can be seen that the capacity target of 52500 devices per cell can be easily met. For DL, the difference between reuse 1 and reuse 3 is less evident as the main limitation is total available power at the base station.
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[bookmark: _Ref431211406]Figure 7: Downlink capacity (in #reports/200 kHz/hour), based on scenario 2 with 0.75 BPL correlation.
The performance for UEs at very bad coverage locations are examined in more details in Figure 8. The performance is evaluated at the target system capacity, i.e. 52,500 devices per sector. It can be seen that the performance experienced by UEs with coupling loss higher than 152 dB does not degrade relative to frequency reuse 3. UE data rate depends on the queueing delay when the UE is waiting to be scheduled, and also the actual transmission time when the UE is scheduled. Comparing frequency reuse 1 and 3, frequency reuse 1 has lower queueing delay, due to more available radio resources per cell, and higher actual transmission time, due to higher inter-cell interference. For UEs in coverage limited condition, these two factors roughly offset each other, resulting in approximately the same performance between frequency reuse 1 and 3.
[image: ]
[bookmark: _Ref429235063]Figure 8: Performance of UEs at coverage limited locations (very low system gain). Performance is evaluated at the target system load of 52500 devices per sector.
 
Conclusions
In this contribution, the capacity of NB-LTE is analysed through system-level simulations. It can be concluded that NB-LTE easily fulfils the GERAN SI capacity target of 52,500 devices per sector. It is also seen that frequency reuse-1 achieves much higher uplink capacity than frequency reuse 3 in a NB-LTE system. When frequency reuse 1 is employed, it is further confirmed that UEs at coverage limited locations do not have degraded performance compared to frequency reuse 3.
The NB-LTE uplink design is based on OFDMA, which allows tight packing of subcarriers in the uplink, which results in very efficient use of the available spectrum. Compared to NB CIoT, NB-LTE has a significantly higher maximum uplink spectral efficiency, and NB-LTE with frequency reuse 1 or 3 outperforms NB CIoT in system capacity very substantially.
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