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[bookmark: _Ref409106980]Introduction
At GERAN#62 a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see  [1]. The study is open to both a non-legacy based design, and/or a backward compatible evolution of GSM/EDGE. 
In [2] and [3] a solution based on narrowband LTE (NB-LTE) with 200 kHz system bandwidth is proposed for Ultra Low Complexity and Low Throughput Internet of Things. In [5] the uplink and downlink data channels are described and evaluated in terms of coverage and data rates. This contribution addresses the system capacity for NB-LTE.
Objective on system capacity
The objective of the study related to system capacity is captured in [1]: 
“A system that can support a large number of devices, each generating a small amount of data is required. At cell level, it is expected that each household in a cell may have up to 40 MTC devices and the household density per cell is according to the assumptions in Annex A of TR 36.888. The resulting MTC device density per cell is provided in Annex E.”
Simulation setup and results
For the traffic- and user distribution models assumed in this study, the limiting link is the uplink data channel due to the UL centric reporting from CIoT devices. Therefore, we focus the following investigation on the spectral efficiency and capacity of the M-PUSCH. We use single cell simulations to assess the capacity and use a comparison with NB-M2M (which has shown to meet the capacity requirement) and NB-CIoT [4] to account for the lack of multi-cell system simulations for NB-LTE. 
It is recognized that a single cell simulations do not comply with the agreed framework for system capacity simulations in the TR, but does provide an indication on the capacity achievable.
As explained in [2], the M-PUSCH uses SC-FDMA with a subcarrier spacing of 2.5 kHz. For simplicity and better comparison with NB-M2M and NB-CIoT we assume a 1/3rd reuse within the 180 kHz channel. Consequently, each NB-LTE cell uses 24 subcarriers of 2.5 kHz as shown in Figure 1. 
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[bookmark: _Ref426642163]Figure 1: Example: SC-FDMA based M-PUSCH on 60 kHz spectrum
With the reduction of the subcarrier spacing from 15 kHz in LTE to 2.5 kHz in NB-LTE the symbol duration increased by a factor 6 accordingly so that an M-subframe of 6 ms comprises 12 M-PUSCH symbols. This gives (12 / 0.006 s =) 2000 symbols per second on one subcarrier and consequently (2000 x 24) = 48000 symbols on the 60 kHz carrier corresponding to 48 kbps (BPSK) and 96 kbps (QPSK), respectively. Considering the maximum coding rate allowed in LTE is 0.93, the maximum spectral efficiency is (48 kbps * 0.93 / 60 kHz =) 0.74 bps/Hz for BPSK and (96 kbps * 0.93 / 60 kHz =) 1.49 bps/Hz for QPSK. According to [2], M-PRACH and M-PUSCH are time- and frequency multiplexed. For a fair comparison with NB-M2M/NB-CIoT, which has 33.3% and 66.7% resource allocation to random access and data channels, respectively, see [6], we also assume the same resource allocation division between M-PRACH and M-PUSCH. This however does not change the maximum spectral efficiency of M-PUSCH of 0.74 bps/Hz and 1.49 bps/Hz for BPSK and QPSK, respectively, since the spectral efficiency is already normalized by the time and bandwidth allocation. 
The uplink data channel of NB-M2M/NB-CIoT uses GMSK with a subcarrier spacing of 5 kHz but an effective subcarrier width of only 3.75 kHz. According to [6], with 1/3 reuse factor, there are 12 carriers available for one cell, 4 of which are allocated to random access and the remaining 8 carriers are allocated to data as shown in Figure 2.
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[bookmark: _Ref426642995]Figure 2: Example: GMSK based NB-M2M/NB-CIoT uplink.
With GMSK modulation, each of the 8 carriers supports up to 1.83 kbps (see Table 7.3.3.1-2 in [4]) corresponding to 14.7 kbps over 40 kHz, and consequently a maximum spectral efficiency of 0.37 bps/Hz. 
Coupling loss distributions according to the system-level simulation parameters specified in Annex D of [4] are shown in Figure 3. Note that according to [4], 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 3: Coupling loss distributions for cases studied in GERAN 
(based on Annex D of [4]).
From Figure 3, we see that although 164 dB MCL is needed to cover the most challenging scenario, a vast majority of UEs (93.5%) have coupling loss lower than 148 dB. In the following, we determine the fraction of users that can operate at each system’s maximum UL spectral efficiency and depict these results in Table 1.

[bookmark: _Ref426646444]Table 1: Fraction of users that can operate at system’s max UL spectral efficiency (GERAN scenario 2, building penetration loss correlation 0.75)
	
	Max UL spectral efficiency
	Coupling loss achieving max spectral efficiency
	Fraction of users that can operate at system’s max UL spectral efficiency

	MN-M2M/NB-CIoT
	0.37 bps/Hz
	154 dB
[GPC150393]
(possibly higher)
	>97%
(possibly higher)

	NB-LTE BPSK
	0.74 bps/Hz
	151.5 dB
	>96%

	NB-LTE QPSK
	1.49 bps/Hz
	148.7 dB
	>94%


	
The coupling loss achieving max spectral efficiency of NB-LTE is found based on link simulation results shown in Figure 4, and link budget calculation shown in Table 2.
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[bookmark: _Ref426712121]	Figure 4: Performance of M-PUSCH configured with the highest LTE coding rate (0.93) and BPSK and QPSK modulation.
	
[bookmark: _Ref426712567]Table 2: Link budget of M-PUSCH configured with the highest LTE coding rate (0.93) and BPSK and QPSK modulation.
	Logical channel name
	M-PUSCH (QPSK, coding rate 0.93)
	M-PUSCH (BPSK, coding rate 0.93)

	Transmitter
	
	

	(1) Tx power (dBm)
	23
	23

	Receiver
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174

	(3) Receiver noise figure (dB)
	3
	3

	(4) Interference margin (dB)
	0
	0

	(5) Occupied channel bandwidth (Hz)
	2,500
	2,500

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-137.0
	-137.0

	(7) Required SINR (dB)
	11.3
	8.5	

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-125.7
	-128.5

	(9) Rx processing gain
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	148.7
	151.5



As can be seen from this table, the vast majority of all UEs operate at the maximum spectral efficiency. Even for the toughest coupling loss distribution studied in GERAN (Scenario 2, building penetration loss correlation 0.75) the network can schedule more than 94% of all users at their maximum spectral efficiency. This indicates that the higher spectral efficiency of NB-LTE does indeed translate into higher system capacity.
A single cell simulation[footnoteRef:1] with UE and coupling loss and data packet distribution according to GERAN assumptions (3GPP TR 45.820) is performed. The application layer traffic is assumed to have Pareto distribution with shape parameter alpha 2.5, a minimum payload size of 20 bytes, and a maximum payload size of 200 bytes. These assumptions are according to Table E.2-1 of [4]. Overhead for COAP/DTLS/UDP/IP amounts to 65 bytes without IP header compression, see Table E.2-3 of [4]. Furthermore, as required by [4], Gb interface is assumed, which results in additional overheads of 4 bytes from SNDCP, 6 bytes from LLC, 2 bytes from MAC, and 3 bytes CRC. [1:  Other simulation assumptions:
Single-cell evaluation (no inter-cell interference)
All resources allocated to PUSCH are assumed to be fully utilized (Gives optimistic capacity results, but relative comparison between different system designs is still valid)
Transmission time rounded up according to burst/subframe length] 

The evaluation results are shown in Figure 5. It can be seen that NB-LTE has much higher capacity than NM-M2M/NB-CIoT. This is mainly due to (1) NB-LTE having much higher maximum spectral efficiency and (2) most of the UEs in the system have coupling loss good enough to benefit from maximum spectral efficiency. Compared to NB-M2M/NB-CIoT with GMSK modulation, NB-LTE has more than 3 times higher (UL) capacity even with reuse 1/3. Therefore, it is expected that at least the same capacity as with NB-M2M/NB-CIoT is reached with NB-LTE. Since NB-M2M has shown to fulfill and exceeds the system capacity requirement, also NB-LTE will fulfill it.
Full frequency reuse (re-use 1), which an SC-FDMA scheme supports, would further increase the capacity. But in order to accurately determine the gain of that, more extensive multi-cell system simulations are required.
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[bookmark: _Ref426720648]Figure 5: Single-cell capacity based on frequency reuse factor 1/3.

Conclusion
In this contribution a brief assessment of the system capacity for NB-LTE was provided. The analysis focused on the uplink data channel (M-PUSCH) since that was found to be the bottleneck for the traffic- and user distribution models assumed in this study. 
The use of SC-FDMA enables tight packing of subcarriers which, in combination with QPSK gives a maximum spectral efficiency of 1.49 bps/Hz for NB-LTE. Simulations have shown that more than 94% of all UEs will achieve this spectral efficiency in a reuse 1/3rd deployment, assuming single cell simulations, i.e. a sensitivity-limited scenario. A comparison with NB-M2M/NB-CIoT with GMSK reveals that NB-LTE can indeed translate the higher spectral efficiency into a more than 3 times higher capacity, given these assumptions. It is also recognized that the simulation setup used do not fully comply with the agreed framework for system capacity simulations in the TR, but does provide an indication on the capacity achievable. Hence, considering that NB-M2M fulfills and exceeds the system capacity requirement, the capacity requirement is expected to be fulfilled also by NB-LTE.
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