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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
NB-IoT currently includes two options under consideration, SC-FDMA and FDMA with GMSK modulation. In [2], an uplink design based on SC-FDMA with 2.5 kHz subcarrier spacing for the uplink shared channel, M-PUSCH, is described. In [3], it is shown that it is possible to use 15 kHz subcarrier spacing for M-PUSCH when the timing advance error is much larger than the cyclic prefix (CP) interval and still preserve orthogonality against LTE interference if deployed inband. This is achieved by using a special M-PUSCH repetition pattern (see [3]). In this contribution, the performance of 15 kHz subcarrier spacing is analyzed. For completeness, the performance of M-PRACH timing advance (TA) estimation accuracy is also included. M-PUSCH performance is evaluated according to the TA estimation accuracy based on M-PRACH.
M-PRACH formats and timing advance estimation accuracy
M-PRACH design for supporting SC-FDMA was described in details in [4]. Although the design in [4] was presented for supporting 2.5 kHz spacing for M-PUSCH, the same design can be used for supporting 15 kHz subcarrier spacing. We include some highlights here. 
1.1 [bookmark: _Ref430695182]M-PRACH Formats 0 and 1
[bookmark: _Ref426290311]M-PRACH preamble Formats 0 and 1 are based on length-251 Zadoff-Chu sequences with 312.5 Hz subcarrier spacing, resulting in 80 kHz M-PRACH bandwidth. Most of the UEs in the system use these two types of M-PRACH preambles. The basic symbol duration of M-PRACH preamble Formats 0 and 1 is 3.2 ms. A 4 ms segment is defined as a basic random access segment, giving rise to 0.8 ms resources remaining for cyclic prefix (CP) and guard time (GT). To maximize cell size, the CP is dimensioned to be 0.4 ms, which supports cell sizes up to 60 km. Figure 1 illustrates M-PRACH CP/GT dimensioning.
M-PRACH preamble format 0 supports UE with coupling loss lower than 144 dB. One M-PRACH segment (4 ms) achieves M-PRACH detection probability of 99.77%, see [4]. M-PRACH preamble format 1 supports UE with coupling loss between 144 dB and 154 dB. Twelve repetitions of preambles are used to achieve M-PRACH detection probability of 98.56%, see [4].
[image: ]
[bookmark: _Ref430953661]Figure 1: Cyclic prefix/guard period dimensioning for M-PRACH Formats 0 and 1.
Figure 2 shows the distributions of time-of-arrival estimation errors based on the M-PRACH Formats 0 and 1 with 144 dB and 154 dB coupling loss, respectively. As shown, the TA estimation errors are within +/- 4.7 s, the normal CP of LTE. Thus, M-PRACH Formats 0 and 1 achieve sufficient TA estimation accuracy for supporting 15 kHz subcarrier SC-FDMA transmission.
[image: ]
[bookmark: _Ref425169115]Figure 2: Distribution of time-of-arrival estimation errors. Blue curve: Format 0 at 0.9 dB SNR (corresponding to 144 dB coupling loss); red curve: Format 1 at -9.1 dB SNR (corresponding to 154 dB coupling loss).

1.2 M-PRACH Format2
M-PRACH preamble Format 2 is used by UEs in extremely coverage limited locations. These preambles are constant-envelope signals, which avoid the needs for PA backoff, and thus aiming at maximizing the coverage. The design is shown in Figure 3. The preamble consists of 100 symbols in time and occupies one 2.5 kHz subcarrier in frequency. The transmission, however, alternates between two adjacent tones from symbol to symbol. The alternation is used to enable satisfactory time-of-arrival estimation performance at the BS. M-PRACH preamble format 2 supports UE with coupling loss higher than 154 dB. One preamble (160 ms) achieves M-PRACH detection probability of 99.26%, see [4].
[image: ]
Figure 3: M-PRACH Format 2.
Figure 4 shows the distributions of time-of-arrival estimation errors for the PRACH Format 2 at 164 dB coupling loss. Compared to Formats 0 and 1, Format 2 only uses 2.5 kHz bandwidth, which fundamentally limits the timing estimation accuracy. The results in Figure 4 show that the estimation errors are within [-28, 28] s at 99%. Such TA errors are expected to result in performance degradation if 15 kHz subcarrier spacing is used. This is mainly due to the loss of orthogonality between M-PUSCH with a large TA error and all the other SC-FDMA signals. The interference caused by M-PUSCH with a large TA error to all the other SC-FDMA signals is however very small since only UEs in extremely poor coverage would have poor timing estimates and these UEs have very low received power levels compared to UEs in good coverage. However, the interference from other SC-FDMA signals will cause severe performance degradation to UEs in extremely poor coverage. However, a special arrangement of M-PUSCH as described in [3] can be used to eliminate interference from other SC-FDMA signals to the victim M-PUSCH when the victim M-PUSCH signal has a TA error much larger than the CP of a 15 kHz subcarrier.
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[bookmark: _Ref433899038]Figure 4: Distribution of time-of-arrival estimation errors: Format 2 at -4 dB SNR (corresponding to 164 dB coupling loss).

Performance of uplink shared channels (M-PUSCH)
M-PUSCH configurations based on 15 kHz subcarrier spacing
According to [3], two M-PUSCH formats are used. Format 1 is exactly the same as LTE PUSCH and is used by NB-IoT UEs with coupling loss 154 dB or lower. Format 2 is designed to preserve UE orthogonality when the TA error far exceeds the CP interval. Format 2 is used by NB-IoT UEs with coupling loss higher than 154 dB.
Examples of M-PUSCH configuration for 144 dB and 154 dB coupling loss are shown in Figure 5 and Figure 6, respectively. Both MCSs can be mapped to M-PUSCH Format 1 based on LTE uplink SC-FDMA waveform.
[image: ]
[bookmark: _Ref433905823]Figure 5: M-PUSCH configuration for achieving 144 dB MCL. (mapped to M-PUSCH Format 1)
[image: ]
[bookmark: _Ref433905899]Figure 6: M-PUSCH configuration for achieving 154 dB MCL. (mapped to M-PUSCH Format 1)

Figure 7 shows a configuration for achieving 164 dB MCL based on M-PUSCH Format 2. After pi/2-BPSK modulation, there are 3840 symbols. Each of these symbols is repeated 6 times according to [2], and with CP and guard time it occupies one entire slot. Thus, 3840 slots are needed. For every 6 slot with data symbols, one slot of DMRS is added. Thus, 640 DMRS slots are added. Overall, it requires 4480 slots, i.e. 2240 subframes.

[image: ]
[bookmark: _Ref433906146]Figure 7: M-PUSCH configuration for achieving 164 dB MCL. (mapped to M-PUSCH Format 2)

Simulation results
Link-level simulation assumptions are listed in Table 1.
[bookmark: _Ref434312069]Table 1: Simulation assumptions for link level evaluations
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz

	Interference/noise
	Sensitivity

	Antenna configuration
	BS: 2 Rx
MS: 1 Tx

	Timing error
	NB-IOT Basic and Robust formats: Randomly distributed between [-3.125, 3.125] us. (see Section 2)
NB-IOT Extreme format: Randomly distributed between [-31.25, 31.25] us. (see Section 2)
LTE: Randomly distributed between [-3.125, 3.125] us.

	Frequency error
	 
F_offset(t) = F_est_error + (F_drift_active * t). 

	Frequency error  (F_est_error)
	Randomly chosen from the set {-50, 50} Hz

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	MS transmit power (dBm)
	23 dBm

	Thermal noise density (dBm/Hz)
	-174

	BS Receiver noise figure (dB)
	3

	Receiver processing gain (dB)
	0

	LTE Modulation
	QPSK

	Number of LTE PRBs
	1 and 10

	LTE User SNR
	0 dB, 2 dB, 5 dB, 10 dB, 16 dB



The performance of M-PUSCH based on configurations shown in Figure 5 - Figure 7 is summarized in the link budget table below. For completeness, the link budget based on 2.5 kHz subcarrier spacing as described in [5] is also shown. Simulations account for the respective TA inaccuracy levels according to M-PRACH TA estimation performance. Thus, for the “Extreme” coverage class, TA errors of +/- 31.25 s are included in our simulations.
[bookmark: _Ref433907681]Table 2: M-PUSCH Link budget.
	Coverage
	Extreme
	Robust (2.5 kHz)
	Basic

	Subcarrier spacing
	2.5 kHz
	15 kHz
	2.5 kHz
	15 kHz
	2.5 kHz
	15 kHz

	Data rate(kbps) above SNDCP
	0.35
	0.30
	1.8
	3.6
	28.3
	21.3

	Transmitter
	 
	 
	 
	
	 
	

	(1) Tx power (dBm)
	23
	23
	23
	23
	23
	23

	Receiver
	 
	 
	 
	
	 
	 

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

	(3) Receiver noise figure (dB)
	3
	3
	3
	3
	3
	3

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	2,500
	15,000
	5,000
	30,000
	80,000
	120,000

	(6) Effective noise power
= (2) + (3) + (4) + 10 log ((5))  (dBm)
	-137.0
	-129.2
	-134.0
	-126.2
	-122.0
	-120.2

	(7) Required SINR (dB)
	-5.6
	-12.0
	0.7	
	-5.1
	0.4
	-2.2

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-142.6
	-141.2
	-133.3
	-131.1
	-121.6
	-122.4

	(9) Rx processing gain
	0
	0
	0
	0
	0
	0

	(10) MCL  = (1) (8) + (9) (dB)
	165.6
	164.2
	156.3
	154.1
	144.6
	145.4



It can be seen that with 15 kHz subcarrier spacing, SC-FDMA can meet the coverage target of 164 dB MCL.
We further verify that M-PUSCH Format 2 performs well in the presence of strong interferers using M-PUSCH Format 1. As described in [3], the design of M-PUSCH Format 2 preserves orthogonality against interferers using regular LTE PUSCH format even when the UE using M-PUSCH Format 2 has a large TA error. However, our simulation assumptions further include a frequency error of +/- 50 Hz. Such coexistence performance is illustrated in Figure 8. Here, one of the 12 uplink subcarriers is allocated to M-PUSCH Format 2, and all the other subcarriers use M-PUSCH Format 1. Furthermore, strong M-PUSCH Format 1 interference is assumed. From Table 2, UEs with 144 dB coupling loss requires -2.2 dB SNR. The interfering M-PUSCH Format 1 UEs in our evaluation have 5 dB SNR. As shown M-PUSCH Format 2 performance is only mildly degraded in such a scenario.

[image: ]
[bookmark: _Ref433907528]Figure 8: M-PUSCH Format 2 performance with 50 Hz frequency error and 31.25 s timing error, and in the presence of strong interference from M-PUSCH Format 1. (red line: no interference; blue line: with strong interference from M-PUSCH Format 1)
Uplink system capacity is analyzed to study whether increasing minimum scheduling bandwidth from 2.5 kHz to 15 kHz has an impact on system capacity. The toughest GERAN UE scenario in terms of path loss distribution is used (see Scenario 2 with building penetration loss correlation 0.75 in [4]). For 2.5 kHz and 15 kHz subcarrier spacing, system capacity is evaluated based on the MCSs and their performance shown in Figure 9 and Figure 10, respectively.
[image: ]
[bookmark: _Ref434618857]Figure 9: Link results for 2.5 kHz SC-FDMA single subcarrier M-PUSCH transmission, used as the L2S model.

[image: ]
[bookmark: _Ref434598936]Figure 10: Link results for 15 kHz SC-FDMA single subcarrier M-PUSCH transmission, used as the L2S model

System-level simulation results are shown in Figure 11. As seen, there is only a small difference in terms of uplink system capacity between minimum UE bandwidth of 2.5 kHz and 15 kHz. Since SC-FDMA with 2.5 kHz achieves capacity far exceeding the GERAN capacity target [6], with 15 kHz subcarrier spacing SC-FDMA will also achieve the GERAN capacity target.
[image: ]
[bookmark: _Ref433912741]Figure 11: Uplink throughput for worst 1 percentile UE. (worst-case GERAN scenario)
[image: ]
[bookmark: _Ref433977257]Figure 12: Uplink throughput for worst 1 percentile UE. (large-cell scenario, inter-site distance: 70 Km)
[bookmark: _GoBack]Figure 12 shows Uplink throughput for worst 1 percentile UE, in a large-cell scenario with 70 Km inter-site distance. The capacity gain with 2.5 kHz minimum UE bandwidth compared to 15 kHz is 50% at 200 bps. In this case, using 2.5 kHz subcarrier spacing is much better since there are more UEs in coverage limited locations, e.g. at the edge of a large cell. Note however that 70 Km inter-site distance is an extreme scenario.
One main advantage of using 15 kHz subcarrier spacing is to preserve the orthogonality with LTE UEs scheduled in the neighbouring PRBs. The frequency error modeling is the same for both LTE and NB-IoT users. For the NB-IoT user using basic format, the edge subcarriers are used. For the robust and extreme formats, the subcarriers used are located at the center in order to provide robustness to the LTE interferer. Thus, it is expected that subcarrier spacing impacts the “Basic” coverage class the most.
The NB-IoT users using the “Basic” format use a root-raised cosine transmit filter with rolloff 0.1 and bandwidth 240 kHz. The LTE users typically use a wideband filter in practice. 
Degradation due to LTE interference on “Basic” coverage mode NB-IoT UE performance is summarized in Table 3 for inband operation. It can be seen with 15 kHz, the degradation due to adjacent LTE interference is smaller.

[bookmark: _Ref434574245]Table 3: Degradation due to LTE interference on “Basic” coverage mode NB-IoT performance. (inband operation)
	# of PRBs used by LTE UEs
	10
	1

	                      Subcarrier spacing  
SNR of LTE UE
	2.5 kHz
	15 kHz
	2.5 kHz
	15 kHz

	0 dB
	0.4 dB
	0.2 dB
	0.5 dB
	0.2 dB

	2 dB
	0.5 dB
	0.2 dB
	0.7 dB
	0.3 dB

	5 dB
	0.9 dB
	0.3 dB
	1.0 dB
	0.3 dB

	10 dB
	2.3 dB
	0.8 dB
	2.3 dB
	0.6 dB

	16 dB
	5.7 dB
	2.5 dB
	5.4 dB
	1.9 dB



Conclusions
In this contribution, a feasibility study for using 15 kHz subcarrier spacing for NB-IoT uplink is presented. It is shown that using 15 kHz subcarrier spacing, SC-FDMA will meet 164 dB MCL target even when the TA error is as large as 31.25 s. Furthermore, it is shown that with 15 kHz subcarrier spacing, SC-FDMA meets the GERAN capacity target. The main advantage of using 15 kHz subcarrier spacing is better co-existence with LTE. This is confirmed by simulation results.
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