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1 Introduction
In RAN1 #88bis, techniques for increased PUSCH spectral efficiency in efeMTC was discussed and the following agreements were made [1].

Agreements:
· Techniques to improve UL spectral efficiency for consideration:

· Sub-PRB allocation

· PUSCH-based and NPUSCH-based designs can be considered.

· CDMA

· MU-MIMO

· Increased DMRS density

· Note: combinations of techniques are not precluded.

· Additionally, support for switching between LTE and NB-IoT air interfaces can be considered.
It is desirable to reuse techniques of NB-IoT, i.e., sub-PRB allocation. In addition, it is important to reduce PAPR for modulations with a small number of allocated subcarriers for extended coverage and/or improved power efficiency. In this contribution, we propose TPSK modulations for PUSCH with two, three, and four subcarriers, respectively.
2 TPSK

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 1.
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Figure 1  Block diagram of a TPSK transmitter.

For efeMTC, we consider the following TPSK modulation schemes as listed in Table 1.

Table 1 TPSK Modulations. 
	Modulation
	(2,4)-TPSK
	(4,4)-TPSK
	(3,3)-TPSK

	bits/ tone
	1.5
	1
	1

	Bits/symbol
	3
	4
	3


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 [2][3][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 [2] 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 are 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 2, 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 2  Performance comparison of (2,4)-TPSK, (3,3)-TPSK and QPSK.
From the above figure, we can see both TPSK schemes perform almost identically as QPSK does. 
To this end, we have the following observation and proposal.
Observation 1: When the number of allocated subcarriers is 4 or less, TPSK has nearly 0 dB PAPR and almost identical performance as that of QPSK. 

Proposal 1: Adopt at least TPSK for sub-PRB allocation with less than 4 subcarriers.
3 Summary
In this document, we have described three TPSK modulation schemes for two, three, and four subcarriers respectively. It has been shown that TPSK enjoys the low PAPR of single-subcarrier modulation without performance degradation as compared to multi-subcarrier QPSK modulation. Last, the following proposal has been made.

Proposal 1: Adopt at least TPSK for sub-PRB allocation with less than 4 subcarriers.
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