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1 Introduction
In NB-IoT, UL data transmission, NPUSCH format-1, can have 1, 3, 6, or 12 consecutive subcarriers. Modulations, /2-BPSK and /4-QPSK are supported for single subcarrier whereas QPSK are supported for multiple subcarriers [1].

In the March 3GPP RAN plenary meeting, a new work item (WI) on further NB-IoT enhancements was approved [2]. This allows a new opportunity to further modulation enhancements.
In this contribution, we propose two low-PAPR modulation schemes for the NB-IoT UL, namely, 8-BPSK and TPSK, and discuss related design issues including reference signals and coding rate. 
TPSK modulations are proposed for both single-tone transmission and multi-tone transmission. For single-tone transmission, TPSK increases the peak data rate while maintaining nearly constant envelop enjoyed by single-tone transmission. The 8-BPSK is proposed for multi-tone transmission when 6 or 12 tones are allocated. 
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.
As shown in [3] and [5], the PAPR of 8-BPSK after transmit filtering is about 1.3 dB at 1e-4; its BLER performance is comparable to that of BPSK. 

Since it has been agreed that NB-IoT UL multi-tone transmission can have 1, 3, 6, or 12 tones, we propose to adopt 8-BPSK for 6 and 12 tones. 
Proposal 1: Adopt 8-BPSK modulation as described by the Trellis diagram in Figure 3 for NB-IoT uplink multi-tone transmission with 6 and 12 allocated tones.

2.2 Reference Signal for 8-BPSK
In order to take the advantage of the low PAPR of 8-BPSK, reference signals are required to have the same or lower PAPR. Two options can be considered:
Option 1: Search from sequences of MPSK signals to find a set of sequences with small mutual cross-correlations and less than 1.3 dB PAPR. This may not generate a reasonable number of sequences due to the limitation of constant envelop in frequency domain.
Option 2: Search over 8-BPSK modulated signals to find a set of sequences with small mutual cross-correlations. The DFT outputs of the corresponding sequences are the reference signal sequences defined in the frequency domain. Since there are a large number of sequences and any two input sequences to the 8-BPSK modulator with large Hamming distance are likely have small cross-correlation, this design guarantees a sufficient number of candidate sequences.

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 an 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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A block diagram of a transmitter with TPSK modulation is shown in Figure 4.

[image: image6.emf]Bit-to-symbol 

Mapping

Bit 1 x(1)

x(K) Bit n

Inverse 

FFT

Add Cyclic 

Prefix

Transmit

Only one nonzero in the 

form of exp(j2

p

/M)


Figure 4  Block diagram of a TPSK transmitter.

For NB-IoT, we consider the following TPSK modulation schemes as listed in Table 1.

Table 1 TPSK Modulations for NB-IoT

	Modulation
	(2,4)-TPSK
	(4,4)-TPSK
	(3,3)-TPSK

	bits/ tone
	1.5
	1
	1

	Bits/symbol
	3
	4
	3


· The (2,4)-TPSK and the (4,4)-TPSK can be used for single-tone transmission to increase the peak data rate of single-tone UEs. 
· The (3,3)-TPSK is proposed for multi-tone transmission, together with single-tone QPSK, 6-tone 8-BPSK, and 12-tone 8-BPSK, to allow high PA efficiency for multi-tone transmission with 1, 3, 6, and 12 tones.
The bit-to-symbol mappings of the above three modulation schemes are listed in Tables 2 to 4, respectively.

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

	Input bits
	000
	001
	010
	011
	100
	101
	110
	111

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


Table 3 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


Table 4 Bit-to-symbol mapping for (3,3)-TPSK

	Input bits
	000
	001
	010
	011
	100
	101
	110
	111

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


Note: a=exp(i2/3), b=exp(i4/3).
In [3] and [4], it has been shown that the PAPR of TPSK after transmit filtering is close to 0 dB. In addition, BLER performance of several TPSK schemes were compared in [3] including the (4,4)-TPSK. In this document, (2,4)-TPSK and (3,3)-TPSK are compared, respectively, with QPSK modulations with the same number of allocated tones and the same bit efficiency.

Table 5 Simulation Assumptions

	Simulation Parameters
	Values

	Channel model
	TU

	Doppler (Hz)
	1

	Symbol rate (kHz)
	15

	Antenna
	1T2R

	Pilot symbol
	Symbol 3 

	Channel estimation 
	realistic

	TBS (bits)
	800

	Timing relative to FFT window (s)
	Randomly draw from [-2.6, 2.6] each run.


For TPSK modulations, single-tone reference signals were transmitted in turns at the first and the last allocated tones to maintain the same PAPR. For QPSK, reference signals are transmitted at all the allocated tones of a pilot symbol. 

In Figure 5, the (2,4)-TPSK with coding rate 2/3 is compared with the 2-tone QPSK with coding rate ½, and the (3,3)-TPSK with coding rate 2/3 is compared with the 3-tone QPSK with coding rate 1/3 in terms of performance.
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Figure 5  Performance comparison of (2,4)-TPSK, (3,3)-TPSK and QPSK.
From the figures, we can see both of the two TPSK schemes perform almost identically as QPSK does. 
We have the following proposals.

Proposal 2: Adopt (3,3)-TPSK with continuously allocated 3 tones as defined in Table 4 for NB-IoT uplink multi-tone transmission with 3 allocated tones.
Proposal 3: For NB-IoT UEs that don’t indicate the support of multi-tone transmission, adopt the (2,4)-TPSK and (4,4)-TPSK with contiguous tone allocation as specified in Tables 2 and 3, respectively, for the uplink. 

In addition, for single-tone UEs we have the following

Proposal 4: For (2,4)-TPSK and (4,4)-TPSK:

· Apply the same phase rotation as in the case of 4-QPSK .
· One resource unit schedulable for PUSCH is 8 ms for 15 kHz tone spacing and 32 ms for 3.75 kHz tone spacing.

· Use the same set of reference signal sequences as 4-QPSK.
3.2 Reference signal for TPSK
For TPSK, single-tone MPSK can be used as reference signal. A reference signal pattern is defined by two sequences:

1 A tone sequence that defines the tone to be used at each pilot symbol.

2 A signal sequence that determines the signal to be transmitted at each pilot symbol. The signals in a sequence must have constant magnitude.
To align the reference signal pattern with resource unit and assuming one pilot symbol per slot, the length of the pattern sequences are 16, 8, and 16 for (4,4)-TPSK, (3,3)-TPSK, and (2,4)-TPSK, respectively, assuming (2,4)-TPSK and (4,4)-TPSK have the same resource unit size as single-tone /4 QPSK.
For example, a tone sequence of length 6 for (4,4)-TPSK can be [0 3 0 3 0 3], with which the reference signals will be transmitted in turn at the first and last allocated tones, as shown in Figure 7.
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Figure 6 Illustration of reference signal for TPSK.

For the design of reference signal patterns, we note the following:

· Mutual interference of reference signals of two TPSK transmissions with the same tone allocation is determined by both the tone sequences and signal sequences.

· Randomized tone sequences can further reduce the interference but may  increase the complexity of channel estimation and 
· Signal sequences defined for regular multi-tone transmissions in frequency domain can also be used for TPSK signal sequences in time domain.

For reference signals of TPSK, we have the following proposals:

Proposal 5: For TPSK modulations, choose a pair of single sequence and tone sequence depending on the Cell ID. The tone sequence is one of the following
· two tone sequence for (2,4)-TPSK as [0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1] and [1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0]
· two tone sequence for (3,3)-TPSK as [0 2 0 2 0 2 0 2] and [2 0 2 0 2 0 2 0]
· two tone sequences for (4,4)-TPSK as [0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3] and [3 2 1 0 3 2 1 0 3 2 1 0 3 2 1 0].

For single-tone transmissions, reference signal sequence design is discussed in [6].

4 Summary
In this document, we have described two low-PAPR modulations, the TPSK and 8-BPSK. Specifically, we have proposed 3 TPSK modulation schemes: two for single-tone transmission UEs and one for multi-tone transmission UEs. In addition, we have discussed the design of TBS and reference signals. 
Proposals are as the following.

Proposal 1: Adopt 8-BPSK modulation as described by the Trellis diagram in Figure 3 for NB-IoT uplink multi-tone transmission with 6 and 12 allocated tones.
Proposal 2: Adopt (3,3)-TPSK with continuously allocated 3 tones as defined in Table 4 for NB-IoT uplink multi-tone transmission with 3 allocated tones.
Proposal 3: For NB-IoT UEs that don’t indicate the support of multi-tone transmission, adopt the (2,4)-TPSK and (4,4)-TPSK with contiguous tone allocation as specified in Tables 2 and 3, respectively, for the uplink. 

Proposal 4: For (2,4)-TPSK and (4,4)-TPSK:

· Apply the same phase rotation as in the case of 4-QPSK .

· One resource unit schedulable for PUSCH is 8 ms for 15 kHz tone spacing and 32 ms for 3.75 kHz tone spacing.

· Use the same set of reference signal sequences as 4-QPSK.

Proposal 5: For TPSK modulations, choose a pair of single sequence and tone sequence depending on the Cell ID. The tone sequence is one of the following

· two tone sequence for (2,4)-TPSK as [0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1] and [1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0]

· two tone sequence for (3,3)-TPSK as [0 2 0 2 0 2 0 2] and [2 0 2 0 2 0 2 0]

· two tone sequences for (4,4)-TPSK as [0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3] and [3 2 1 0 3 2 1 0 3 2 1 0 3 2 1 0].
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6 Appendix: Other Design Issues for TPSK 

6.1 MCS and TBS
For single-tone transmissions, (2,4)-TPSK and (4,4)-TPSK are proposed to provide higher data rates so as to reduce transmit time and power consumption. To determine the coding rate and hence TBS for (2,4)-TPSK and (4,4)-TPSK, we compare the required signal power per bit relative to noise power per tone, Eb/Nt, at 10% BLER, which is given as SNR+10*log10(K)-10*log10(bits/symbol) with K as the number of allocated tones and SNR as the signal-to-noise-ratio per tone. 

Simulations with assumptions given in Table 5 were conducted and the results are compared in Figure 7. 
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Figure 7 Power efficiency vs. data rate.

From the figure, for (4,4)-TPSK with 2 bits/symbol ( coding rate 0.5), the required Eb/Nt for 10% BLER is about 4.7 dB. Accordingly, the required SNR measured per tone is 4.7-6+3=1.7 dB.  The following observations can be made:

· For all three modulation schemes, the slopes of the curves increase as data rate increases primarily due to loss of coding gain. 

· (2,4)-TPSK has better power efficiency than single-tone QPSK when the data rate is higher than 0.9 bits/symbol (coding rate 0.45 for single-tone QPSK).

· (4,4)-TPSK always has better power efficiency than the other two modulations within the simulated range of coding rate, at the cost of larger bandwidth. The gap of power efficiency between (4,4)-TPSK and (2,4)-TPSK increases as data rate increases. The efficiency gap between (2,4)-TPSK and (4,4)-TPSK is about 0.3 dB when the data rate is about 1.6 bits/symbol. Considering the bandwidth efficiency, it is sensible to use (2,4)-TPSK for data rate in the range from 0.9 to 1.5 bits/symbol or equivalently coding rate in the range of 0.3 to 0.5. 

From the above, the preferred coding rate for the three modulation schemes are provided in Table 6.

Table 6. Preferred range of coding rate.

	Modulation
	Single-tone p/4-QPSK
	(2,4)-TPSK
	(4,4)-TPSK

	Coding Rate
	<0.45
	(0.3, 0.53)
	>=0.4

	Data Rate (bits/symbol)
	<0.9
	(0.9, 1.6)
	>=1.6


Based on the above table, rows 8 and 10 in Table 7.1.7.2.1-1 of TS 36.213 can be reused for (2,4)-TPSK and rows 12, 14 and 16 for (4,4)-TPSK below.   

Table 7. Example TBS table for (2,4)-TPSK and (4,4)-TPSK
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	1
	2
	3
	4
	5
	6
	7
	8

	(2,4)-TPSK 0 
	120
	256
	392
	536
	680
	808
	-
	-

	(2,4)-TPSK 1  
	144
	328
	504
	680
	872
	-
	-
	-

	(4,4)-TPSK 0  
	208
	440
	680
	904
	-
	-
	-
	-

	(4,4)-TPSK 1
	256
	552
	840
	-
	-
	-
	-
	-

	(4,4)-TPSK 2
	328
	632
	968
	-
	-
	-
	-
	-


6.2 Subcarrier Allocation and DCI

Since there are a total of 48 tones when the tone spacing is 3.75 kHz, 6 bits are required to carry the UL subcarrier allocation. For 3.75 kHz tone spacing, there are 48 possible allocations for /2-BPSK and /4-QPSK. For 15 kHz tone spacing there are a total of 30 possible allocations excluding (2,4)-TPSK and (4,4)-TPSK. In order to carry the subcarrier allocation with 6 bits, we may have the following allowed allocation for (2,4)-TPSK and (4,4)-TPSK:

· For 3.75 kHz tone spacing, 10 allocations for (2,4)-TPSK starting at tones 14, 16, 18, …30, 32 and 6 for (4,4,) -TPSK starting at tones 12, 16, 20, 24, 28, 32. 

· For 15 kHz tone spacing, 9 allocations for (2,4)-TPSK starting at tones 1, 3, 4, …9 and 7 for (4,4,) -TPSK starting at tones 1,2,3,...,7.

� 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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