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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]. The revised NB-IoT work item was further approved at RAN#70 [2].  At RAN1 NB-IoT Adhoc meeting [3], it was agreed that 
· For NB-PUSCH: 

· When multi-tone is allocated, QPSK is supported

· FFS: TPSK, 8-BPSK

In this contribution, we evaluate TPSK modulation scheme for the UEs which can transmit single-tone only and provide some analysis on coverage, data rate, and peak-to-average power ratio (PAPR).
2 Simulation Assumptions
The performance objective of NB-IoT for three coverage class modes are 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. 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 Simulation Parameters

3.1 TPSK modulation
As shown in Fig. 3-1, we use TPSK modulation and π/4-rotated QPSK (i.e., M=4) for single tone transmission UEs. After then, resource allocation followed by IFFT are processed. Finally, 4x over-sampling followed by 2 sample time-domain windowing and 9-tap time-domain filtering to oversampled time-domain samples are processed.
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Figure 3-1. Transmit chain for PAPR reduction schemes using TPSK modulation.
To reduce the peak power on the symbol boundary, we use similar windowing and overlap method described in [4] with an overlap of 2 samples in the oversampled domain. The difference is that windowing and overlap is processed in oversampled domain in our evaluation. In addition, time domain filtering which is plotted in Fig. 3-2 is also performed. 
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Figure 3-2. 9-tap digital filter
The MCS considered for performance evaluation is summarized in Table 3-1.
Table 3-1: MCS for (K,M)-TPSK
	PAPR Reduction Scheme
	(4,4)-TPSK
	(2,4)-TPSK
	SC-FDMA w/ Single Tone Transmission

	Coding scheme
	Turbo Code
	Turbo Code
	Turbo Code

	Code rate (per repetition)
	0.4167
	0.4357
	0.7407

	modulation
	QPSK
	QPSK
	QPSK

	# repetition
	1
	1
	1

	# subcarriers
	2
	2
	2

	Total transmission time
	40 ms
	38 ms
	45 ms

	PHY Data rate
	20.0 kbps
	21.0 kbps
	17.8 kbps


4 Performance Analysis
4.1 Link Budget Performance
In this section, the link budget performance is evaluated. The target BLER of the N-PUSCH is 10%. The results show that coupling loss of 144dB can be successively achieved by TPSK modulation.
Table 4-1: Link Budget Analysis for the PAPR Reduction Schemes
	PAPR Reduction Scheme
	(4,4)-TPSK
	(2,4)-TPSK
	SC-FDMA w/ Single Tone Transmission

	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)
	60,000
	30,000
	15,000

	(6) Effective noise power
	-123.2
	-126.2
	-129.2

	(7) Required SINR (dB)
	2.2
	5.2
	8.2

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-121
	-121
	-121

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) -(8) + (9) (dB)
	144
	144
	144

	(11) PHY data rate
	20 kbps
	21 kbps
	17.8 kbps


4.2 Data Rate 
In this section, date rate performance is evaluated for TPSK modulation and SC-FDMA with single-tone transmission. It is worth noting that SC-FDMA with single-tone transmission can be interpreted as the special case of TPSK, i.e., (1,4)-TPSK. In this evaluation, 15kHz subcarrier spacing is considered. As shown in Fig. 4-1, data rate of SC-FDMA with single tone transmission cannot be increased more than certain level due to its single tone capability even though their channel quality is excellent. Thus, TPSK would be helpful for the single-tone transmission UEs to enhance their data rate when the channel condition is good enough. Scattered DMRS pattern [5] is used in the evaluations for the single-tone transmission UEs.  
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Figure 4-1. Data rate comparison for the single-tone transmission schemes, i.e., 

(K,M)-TPSK and SC-FDMA with single-tone transmission

Observation 1: To enhance date rate for the single-tone transmission UEs under good channel condition, it is beneficial to use (K,M)-TPSK modulation.

4.3  PAPR
In Table 4-2, the PAPR for the PAPR reduction schemes are summarized. Note that the PAPR for (K,4)-TPSK is about 0 dB. The PAPR values are very small, so that cheap power amp (i.e. has low linearity region) can be implemented in UE for NB-IoT. In Fig. 4-1, the CCDF of the corresponding PAPR reduction schemes are presented.

Observation 2: The single tone transmission with TPSK achieves about 0dB PAPR for the basic class mode.

Table 4-2: PAPR for the PAPR Reduction Schemes
	PAPR Reduction Scheme
	(K,M)-TPSK

	PAPR [dB] @ 10-3 CCDF
	0.02
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Figure 4-1: CCDF of the PAPR for the Single Tone Transmission.
4.4 Relative Cubic Metric

The raw cubic matric of a signal v(t) can be calculated by
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Considering a typical PA with a reference signal vref(t), the power de-rating value can be calculated by 
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where K is the empirical slope factor, and X is a parameter related to signal bandwidth.
In [3], W-CDMA signal is used as reference to calculate the power de-rating value. Since there is big difference in terms of signal BW compared to W-CDMA, we need to determine the value X. However, at least it is reasonable to calculate the power de-rating difference between two signals v1(t) and v2(t), by 
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where 1.56 is the value used for LTE [6]. We set v2(t) as a reference signal with 0dB raw cubic, and calculate the cubic metric increase compared to it. In Table 4-3, the results for relative cubic metric are presented.  
Table 4-3: Summary of Relative Cubic Metric
	PAPR Reduction Scheme
	(K,M)-TPSK

	Relative Cubic Metric [dB]
	0.01


Observation 3: With taking into consideration of cubic metric for a practical PA, the required back-off for TPSK is limited to 0.01dB. 
Thus, considering the limited PAPR/CM while similar data rate as the multi-tone transmission, TPSK can be a good candidate for NB-IoT uplink single tone transmission. 

Proposal1: Consider TPSK for the single-tone transmission UEs in NB-IoT uplink, with the format listed in Table 7-1 and Table 7-2
5 Conclusions

In this document, we show the link budget performance, data rate, and PAPR of the PAPR reduction schemes. The following observations and proposals are presented.
Observation 1: To enhance date rate for the single-tone transmission UEs, it is beneficial to use (K,M)-TPSK when the channel quality is good.

Observation 2: The single tone transmission with TPSK achieves about 0dB PAPR for the basic class mode.

Observation 3: With taking into consideration of cubic metric for a practical PA, the required back-off for TPSK is limited to 0.01dB. 
Proposal1: Consider TPSK for the single-tone transmission UEs in NB-IoT uplink, with the format listed in Table 7-1 and Table 7-2
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7 Appendix Bit-to-Symbol Mapping of TPSK

The bit-to-symbol mapping of (2,4)-TPSK is given in Table 7-1.

Table 7-1 Bit-to-symbol mapping for (2,4)-TPSK.
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The bit-to-symbol mapping of (4,4)-TPSK is given in Table 7-2.

Table 7-2 Bit-to-symbol mapping for (4,4)-TPSK

	Input bits
	0000
	0001
	0010
	0011
	0100
	0101
	0110
	0111

	Symbols in increasing order of tones
	1,0,0,0
	i,0,0,0
	0,1,0,0
	0,i,0,0
	0,0,1,0
	0,0,i,0
	0,0,0,1
	0,0,0,i

	Input bits
	1000
	1001
	1010
	1011
	1100
	1101
	1110
	1111

	Symbols in increasing order of tones
	0,0,0,-i
	0,0,0,-1
	0,0,-i,0
	0,0,-1,0
	0,-i,0,0
	0,-1,0,0
	-i,0,0,0
	-1,0,0,0
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