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1. Introduction
At RAN #69, a new work item named Narrowband Internet of Things (NB-IOT) was approved to specify a radio access solution for cellular internet of things [1]. In this contribution, link budget performance of narrowband physical uplink shared channel (N-PUSCH) is analyzed based on link level simulations.
2. Simulation Assumptions
The performance objective of NB-IOT for three coverage class modes i.e., basic mode targeted for 144 dB coupling loss, robust mode targeted for 154 dB coupling loss, and extreme mode targeted for 164 dB coupling loss. Details of N-PUSCH can be found in [2]. The simulation assumptions used in the evaluations are listed in Table 2-1.

Table 2-1: Assumptions for Link Level Simulations.
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz 

	Interference/noise
	Sensitivity

	Antenna configuration 
(Transmission mode)
	MS: 1T, eNB: 2R

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

	NB LTE specific frequency error  (F_est_error)
	Randomly chosen from [-50, 50] Hz

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	Thermal noise density (dBm/Hz)
	-174

	BS Receiver noise figure (dB)
	3

	MS Receiver noise figure (dB)
	5

	Interference margin (dB)
	0

	Receiver processing gain (dB)
	0


3. N-PUSCH
In this section, the link budget performance and PAPR for N-PUSCH of NB-IOT are evaluated. The target BLER of the N-PUSCH is 10%. The results show that 164dB MCL target can be achieved in ‘extreme’ coverage mode. It is also shown that coupling loss of 154dB and 144dB can be also achieved in ‘robust’ and ‘basic’ coverage modes, respectively with low PAPR values.
The example of the MCS for PUSCH in NB-IOT is described in Table 3-1.

Table 3-1: Summary of the three example configurations for N-PUSCH.
	
	Extreme coverage mode
	Robust coverage mode
	Basic coverage mode

	Coding scheme
	Turbo Code
	Turbo Code
	Turbo Code

	Code rate

(per repetition)
	0.21
	0.35
	0.23

	modulation
	BPSK
	Single tone transmission with tone selection (MF=2, MQ=4)
	QPSK, SC-FDMA with PAPR reduction precoding

	# repetition
	1
	1
	1

	# subcarriers
	1
	2
	32

	Total transmission time
	1920 ms (320 M-subf.)
	384 ms (64 M-subf.)
	36 ms (6 M-subf.)

	Effective data rate

(measured above SNDCP)
	354 bps
	1.8 kbps
	18.9 kbps


For SC-FDMA with PAPR reduction precoding (7A.4.3.4 in [3]) in Basic mode, 24-point DFT transform precoding matrix and PAPR reduction precoding matrix described in Figure 3-1 are used.
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Figure 3-1: NB-IOT N-PUSCH Coverage Evaluation.
The coupling loss for the MCS for PUSCH in NB-IOT is described in Table 3-2. Note that all proposed MCSs meet their target coupling loss.
Table 3-2: NB-IOT N-PUSCH Coverage Evaluation.
	Coverage mode
	Extreme
	Robust
	Basic

	Transmitter
	
	
	

	Max Tx power (dBm)
	23
	23
	23

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

	Receiver
	
	
	

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

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

	(4) Interference margin (dB)
	0
	0
	0

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

	(6) Effective noise power
	-137.0
	-134.0
	-122.0

	(7) Required SINR (dB)
	-5.6
	1.5
	0.7

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-142.6
	-132.5
	-121.3

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) -(8) + (9) (dB)
	165.6
	155.5
	144.3


In Figure 3-2, the peak-to-mean envelope power ratio (PMEPR) for various multiple access schemes are presented. Note that PMEPR values for all MCS modes are very small, so that cheap power amp (i.e. has low linearity region) can be implemented in UE for NB-IOT. The PMEPR values are 0 dB, 0dB, and 3.45dB for extreme, robust, and basic mode, respectively, while those of corresponding SC-FDMA with QPSK are 0dB, 3dB, and 7.73dB, respectively.
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Figure 3-2: PMEPR Comparison among various combination of modulation and multiple access schemes (QPSK).

4. Comparison with Conventional SC-FDMA

4.1. Robust Mode

Figure 4.1-1 and 4.1-2 depict the channel coding, rate matching, and modulation and visualize how the symbols are transmitted in time and frequency domain for robust mode when SC-FDMA with QPSK and single tone transmission with tone selection are used, respectively. Note that the data rate of both configurations are the same.
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Figure 4.1-1: N-PUSCH configuration for robust coverage mode using QPSK.
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Figure 4.1-2: N-PUSCH configuration for robust coverage mode using single tone transmission with tone selection (MF=2, MQ=4).
The performance of the two configurations as derived from link level simulations is shown in Figure 4.1-3. Note that the SC-FDMA with QPSK and the single tone transmission with tone selection have similar decoding performance, while the PAPR of the latter is much smaller than that of the former.
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Figure 4.1-3: Decoding Performance Comparison between QPSK and single tone transmission with tone selection in robust coverage class configuration.
4.2. Basic Mode

As shown in Fig 3-1, SC-FDMA with PAPR reduction precoding has 4.28dB lower PAPR than SC-FDMA. Thus, we can adopt cheap PA model than SC-FDMA case. If we use this cheap PA model, SC-FDMA has to use 4.28dB more back-off and this leads to reduced maximum transmit power from 23dB to 18.72dB. Table 4.2-1 shows MCL under this assumption. As a result, required SINR of SC-FDMA is given by -3.37 dB while that of SC-FDMA with PAPR reduction precoding is given by 0.7dB.
Table 4.2-1: NB-IOT N-PUSCH Basic Coverage Evaluation.
	Coverage mode
	SC-FDMA w/ PAPR reduction precoding
	SC-FDMA

	Transmitter
	
	

	Max Tx power (dBm)
	23
	23

	(1) Actual Tx power (dBm)
	23
	18.72

	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)
	80,000
	80,000

	(6) Effective noise power
	-122.0
	-122.0

	(7) Required SINR (dB)
	0.7
	-3.37

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-121.3
	-125.37

	(9) Rx processing gain
	0
	0

	(10) MCL  = (1) -(8) + (9) (dB)
	144.3
	144.0


Figure 4.2-1 and 4.2-2 depict the channel coding, rate matching, and modulation and visualize how the symbols are transmitted in time and frequency domain for basic mode when SC-FDMA and SC-FDMA with PAPR reduction precoding are used, respectively.
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Figure 4.2-1: N-PUSCH configuration for basic coverage mode using SC-FDMA.
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Figure 4.2-2: N-PUSCH configuration for basic coverage mode using SC-FDMA with PAPR reduction precoding.

Fig. 4.2-3 shows decoding performance of SC-FDMA and SC-FDMA with PAPR reduction precoding. There is 4.28dB performance gap compared to that of SC-FDMA. 
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Figure 4.2-3: Decoding Performance Comparison between SC-FDMA with PAPR reduction precoding and SC-FDMA in basic coverage class configuration.
Table 4.2-2 shows MCS of SC-FDMA with PAPR reduction precoding and SC-FDMA. As shown in the table, data rate of SC-FDMA with PAPR reduction precoding is higher than that of SC-FDMA so that the SC-FDMA requires more time in order to meet the coverage. For the energy consumption, SC-FDMA with PAPR reduction precoding requires 7200 [mW·ms], while SC-FDMA requires 7152 [mW·ms]. However, transmission time of SC-FDMA is 2.67 times longer than that of SC-FDMA with PAPR reduction precoding. Hence there are possibilities that SC-FDMA consumes more energy due to the energy required for “STAND-BY” process. Detailed analysis is FFS.
Table 4.2-2: Summary of NB-IOT N-PUSCH Basic Coverage Evaluation
	
	SC-FDMA w/ PAPR reduction precoding

(Basic coverage mode)
	SC-FDMA

(Basic coverage mode)

	Coding scheme
	Turbo Code
	Turbo Code

	Code rate

(per repetition)
	0.23
	0.065

	modulation
	SC-FDMA with PAPR reduction precoding
	SC-FDMA 

	# repetition
	1
	1

	# subcarriers
	32
	32

	Total transmission time
	36 ms (6 M-subf.)
	96 ms (16 M-subf.)

	Effective data rate

(measured above SNDCP)
	18.9 kbps
	7.1 kbps


Further analysis with specific PA model is FFS.
5. Conclusions

In this document, we show the link budget performance of uplink shared channel based on link level simulations. All proposed MCSs meet their target coupling loss with low PAPR values.
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