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1 Introduction
3GPP TSG RAN has agreed a new Work Item (WI), named narrowband IoT (NB-IoT) [1] to carry out the normative work during Release 13. The objective is to specify a radio access technology 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. 
Modulation schemes with low PAPR allow the use of power amplifiers (PAs) with higher efficiency and/or lower cost and are, hence, important for the success of NB-IoT.  In this contribution, we propose two low-PAPR modulation schemes for the NB-IoT UL, namely, 8-BPSK and TPSK. 
2 8-BPSK
2.1 Description
The name of 8-BPSK comes from the fact that the modulation takes BPSK signals as inputs and generates 8PSK constellation points as the outputs. Spectral shaping in the form of tail-biting trellis-coded modulation is performed so that 8-BPSK modulated signals have low PAPR even for a large number of frequency tones. Compared with GMSK, it has lower implementation complexity and achieves better spectral efficiency.
In the context of SC-FDMA, 8-BPSK is applied within each SC-FDMA symbol as shown in Figure 1.
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Figure 1 Block diagram of SC-FDMA with 8-BPSK.

Following pseudo code conveniently describes the 8-BPSK modulation:

1. Translate BPSK inputs into /2-shift BPSK, xm, and prepend the last two bits in the beginning.
2. Perform the following

· If preceding and succeeding input bits are not equal (xm≠xm+1), output =input (ym=xm);

· Otherwise, ym is the 8-PSK constellation point between xm and xm-1=xm+1.
3. Multiply ym by -1 if m is odd (counting from 0).
Let us define the 8-BPSK constellation as in Figure 2.
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Figure 2 8PSK constellation.
The trellis diagram of 8-BPSK is given in Figure 3
.
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Figure 3 8-BPSK trellis.

The initial state is determined by the last two input bits due to tail biting. As can be seen in Figure 3, 8-BPSK trellis has 4 states, its receiver complexity is therefore lower than that of GMSK, which typically requires a demodulator with 16 or 32 states.

2.2 PAPR and Performance 
Because the spectral shaping, 8-BPSK signal maintains nearly the same PAPR after transmit filtering. Figure below shows the non-filtered and filtered PAPR of 8-BPSK. The transmit filter applied ensures transmit PSD meeting GSM PSD mask. 

As can be seen, the PAPR is below 1.3 dB at 1e-4. As a comparison, the PAPR of /2-shift BPSK is about 4.8 dB at 1e-4. Since the magnitude of 8-BPSK carries little information, further reduction of PAPR is possible.
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Figure 4 PAPR of 8-BPSK and /2-shift BPSK (fs=1.92 MHz).
The block error rate of 8-BPSK is compared with that of BPSK. LTE turbo code was used and 12 tones with each 15 KHz were allocated. As can be seen, 8-BPSK performs almost identical as BPSK at very low SNR and has about 0.5 dB performance loss at relative higher SNR.

In summary, we have the following observations:

· The PAPR of 8-BPSK is 1.3 dB or lower even after aggressive transmit filtering. This low PAPR can be maintained with a large number of SC-FDMA tones. 
· SC-FDMA with 8-BPSK does not need the large spectrum overhead as GMSK does.

· 8-BPSK demodulator has 4 states and lower complexity than that of GMSK.

· 8-BPSK slightly outperforms GMSK, particularly at low SNR. 
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Figure 5 BLER performance comparison of 8-BPSK and BPSK.

3 TPSK

3.1 Description

When more than one tones are available, tone index, in addition to signal phase, can also be used to carry information. If only one of the allocated tones is used during each OFDM symbol, the resulting signal envelop is constant.  Such a modulation scheme is called tone-phase-shift keying (TPSK).  In the sequel, a TPSK modulation scheme with K allocated tones and M-ary phase shift keying is called (K, M)-TPSK. A (K,M)-TPSK modulated signal over the K consecutive tones starting from tone L out of a total of N tones is
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For simplicity, only K and M that are integer powers of 2 are considered. In such a case, each (K, M)-TPSK symbol can carry log2(K*M) bits. 

A block diagram of a transmitter with TPSK modulation is shown in Figure 6.
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Figure 6 Block diagram of a TPSK transmitter.
The following TPSK schemes are proposed for NB-IoT.

Table 1 Proposed TPSK modulation schemes.

	Modulation
	(2,2)-TPSK
	(4,4)-TPSK
	(4,8)-TPSK
	(8,8)-TPSK

	bits/ tone
	1
	1
	1.25
	0.75

	Bits/symbol
	2
	4
	5
	6


For optimized BER performance, the bit-to-symbol mapping of TPSK should maximize the Euclidean distance between any pair of bit inputs that differ at a large number of bits. The bit-to-symbol mappings of the above TPSK schemes as defined in Sec. 7.2.2.4 of TR45.820 are attached in the Appendix. 

3.2 PAPR and Performance

Without transmit filtering, the PAPR of TPSK signals is 0. To meet transmit emission requirements, such as the GSM PSD mask, spectral shaping is required. It is shown in [3] that windowing before transmit filtering can be an effective tool to reduce the PAPR of filtered TPSK signals.

To meet GSM PSD mask, the PAPR of TPSK signals can be limited within 0.3 dB for (2,2)-TPSK and 0.8 dB for (8,8)-TPSK [4].
In Figures 7 and 8, TPSK schemes are compared with SC-FDMA with BPSK modulation in terms of error performance. The exact coding and modulation schemes (MCSs) under consideration are listed in Table 2. 
Table 2 Simulated modulation and coding schemes.

	Scheme index
	1
	2
	3
	4
	5

	Modulation
	BPSK 

SC-OFDM
	(4,4)-TPSK
	(4,8)-TPSK
	BPSK

SC-OFDM
	(8,8)-TPSK

	No. of tones allocated
	4
	4
	4
	8
	8

	code rate
	3/4
	3/4
	3/5
	9/16
	3/4

	No. of bits per OFDM symbol
	3
	3
	3
	4.5
	4.5


As can be seen from Figures 7 and 8, we can see that  

· (4,4)-TPSK and 4-tone BPSK have almost identical performance.

· (4,8)-TPSK has about 0.5 dB performance degradation as compared to BPSK.

· (8,8)-TPSK has about 0.7 dB performance degradation as compared to BPSK.
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Figure 7 Performance Comparison of BPSK (MCS 1) and TPSK (MCS 2) with 4 tones over TU-1 Hz channel (turbo code and packet size =800 bits).
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Figure 8 Performance comparison of BPSK (MCS 4) and (8,8)-TPSK (MCS 5) over TU-1 Hz channel (turbo code, packet size=800 bits).
4 Proposals

In [4], it is shown that using a realistic PA model, the 8-BPSK and TPSK provides significantly more effective transmit power than /4-QPSK, depending on the number of tones allocated. In addition, it is shown that 8-BPSK and TPSK with constant envelop satisfy LTE in-band emission requirements with minor limitations.
Based on the above, we have the following proposals:
Proposal 1: Adopt 8-BPSK as defined by the trellis diagram in Figure 3 for NB-IoT UL.

Proposal 2: Adopt TPSK as defined in Table 1 for NB-IoT UL.

5 Summary
In this document, we introduced two low-PAPR modulation schemes for NB-IoT UL:

· 8-BPSK

· Ideal when the number of allocated tones larger than 4. 
· Its PAPR is 1.3 dB or lower even after aggressive transmit filtering. This low PAPR can be maintained even with a large number of SC-FDMA tones. 
· It performs almost identically as BPSK at low SNR and has about 0.5 dB performance loss at relative higher SNR 

· TPSK

· Ideal when the number of allocated tones less than or equal to 8.

· Its PAPR can be as low as 0.3 dB to 0.8 dB even after aggressive transmit filtering, depending on the number of tones allocated. 
· It performs the same as BPSK or with degradation of a fraction of a dB. Specifically, (2,2)- and (4,4)-TPSK performs identically as BPSK. 

Furthermore, it was shown in [4] that using a realistic PA model, 8-BPSK and TPSK provides significantly more effective transmit power than/4-QPSK. In addition, it is shown that 8-BPSK and TPSK with constant envelop satisfy LTE in-band emission requirements with minor limitations.

Based on the above, we have the following proposals:

Proposal 1: Adopt 8-BPSK as defined by the trellis diagram in Figure 3 for NB-IoT UL.

Proposal 2: Adopt TPSK as defined in Table 1 for NB-IoT UL.
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7 Appendix Bit-to-Symbol Mapping of TPSK

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

Table A-1 Bit-to-symbol mapping for (2,2)-TPSK.

	Input bits
	00
	01
	10
	11

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


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

Table A-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


For (4,8)-TPSK, the first two input bits determine one of the 4 tones to transmit a nonzero value. The remaining 3 tones transmit zeros.  The second three bits determine the phase of the nonzero complex value. The mapping of the first 2 input bit to tone index used to carry the only nonzero symbol is given in Table A-3. The mapping of the second 3 input bits to the phase, , of the nonzero number exp(i*) is given in Table A-4 . 

Table A-3 Bit-to-tone mapping for (4,8)-TPSK

	b0,b1
	00
	01
	10
	11

	Tone index
	0
	1
	2
	3


Table A-4 Bit-to-phase mapping for (4,8)-TPSK

	b2,b3,b4
	000
	001
	010
	011
	100
	101
	110
	111

	Phase 
	0
	/4
	3/4
	/2
	7/4
	3/2
	
	5/4


For (8,8)-TPSK, the first three input bits determine one of the 8 tones to transmit a nonzero value. The remaining 7 tones transmit zeros.  The second three bits determine the phase of the nonzero complex value. The mapping of the first 3 input bit to tone index used to carry the only nonzero symbol is given in Table A-5. The mapping of the second 3 input bits to the phase, , of the nonzero number exp(i*) is given in Table A-6. 

Table A-5 Bit-to-tone mapping for (8,8)-TPSK

	b0,b1,b2
	000
	001
	010
	011
	100
	101
	110
	111

	Tone index
	0
	1
	2
	3
	4
	5
	6
	7


Table A-6 Bit-to-phase mapping for (8,8)-TPSK

	b3,b4,b5
	000
	001
	010
	011
	100
	101
	110
	111

	Phase 
	0
	/4
	3/4
	/2
	7/4
	3/2
	
	5/4


� Note the trellis presented in figure 3 differs from the trellis presented in [2]. Specifically, the outputs at odd time here are of negative sign of their counterparts in the trellis in [2]. Multiplying the odd-numbered outputs by -1 is equivalent to applying an FFT shift before the N-point IFFT.
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