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Introduction
At GERAN #62 a study item was agreed to study different access stratum solutions to meet the needs for Internet of Things (IoT) (see [1]). To fulfill the objectives of the study item, a narrowband OFDMA-based radio interface solution was proposed at GERAN CIoT teleco #5 [2]. In this contribution, a new constant-envelop modulation scheme, named Tone-Phase-Shift Keying (TPSK), is introduced for narrowband OFDMA. 
Tone-Phase-Shift Keying
Modulation schemes with constant-envelop or very low peak-to-average power ration (PAPR) allow the use of a nonlinear amplifier for reduced power consumption and cost. This makes constant envelop an attractive feature of uplink modulation of cellular IOT. 

In OFDMA the bandwidth of any transmit filter is often much larger than the bandwidth of a subcarrier, a PSK modulated signal carried over a single tone have essentially constant envelop[footnoteRef:1]. However, PSK quickly becomes inefficient as the modulation order increases; it requires about 6 dB more power for every additional bit. More efficient constant-envelop modulation is needed. [1:  When filtering is used, magnitude may vary in the cyclic prefix part due to the discontinuity between two OFDM symbols. With proper filtering, this magnitude variation can be made small and limited to a small time duration. ] 

Modulation
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 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
  (1)
For simplicity, only K and M that are integer powers of 2 are considered. The following TPSK schemes are proposed for narrowband OFDMA.

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



Since the uplink symbol rate of the narrowband OFDMA proposed in [2] is 2142 symbols/s, the maximal data rate supported by (8,8)-TPSK is about 12 kbps.

It is worth to note that more bandwidth-efficient TPSK schemes are possible by using more than 1 tones. When the number of tones is small, say 2, the resulting PAPR is 3 dB, still significantly smaller than conventional SC-OFDM.
Mapping
When K and M that are integer powers of 2 are considered, a simple mapping scheme is to let log2(K) bits determine the tone index to be used and the remaining log2(M) bits determine the phase. While mapping of the first log2(K) bits to a tone index has no impact on performance; grey mapping is preferred for the remaining log2(M) bits.

Performance of TPSK
In Figure 1, the BER performances over AWGN channel of proposed TPSK schemes are compared to that of BPSK.  Below are several remarks about the performance comparison.
· (2,2)-TPSK performs exactly the same as BPSK. 
· Compared to BPSK, (4,8)-TPSK has a performance loss about 0.5 db or less when Eb/No is in the range of 0 to 6 dB.
· When Eb/No is below 0.7 dB, BPSK and (2,2)-TPSK perform the best and the other 3 TPSK schemes perform about the same. 
· When Eb/No is greater than 0.7 dB, (4,4)-TPSK and (8,8)-TPSK performs better than BPSK.
It is expected that over fading channels the cross point of error performance curves of BPSK, (4,4)-TPSK, and (8,8)-TPSK will be larger than 0.7 dB. Below TPSK is compared to BPSK over Rayleigh fading channels.  

Simulations below have the following assumptions: TU-1Hz channel, packet size 800 bits, turbo code, no frequency hopping. The modulation and coding schemes simulated are listed shown in Table 2.

In Figure 2, the first three modulation and coding schemes in Table 2 are compared. With the same bandwidth efficiency, (4,4)-TPSK performs almost the same as BPSK does and (4,8)-TPSK has a loss of about 0.4 dB.

In Figure 3, MCS 4 is compared to MCS 5 (see Table 2). Both schemes carry 4.5 bits per symbol. (8,8)-TPSK has a loss about 0.7 dB primarily due to less coding gain.
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Figure 1 Performance of un-coded TPSK over AWGN.


[bookmark: _Ref403480136]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
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Figure 2 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 3 Performance comparison of BPSK (MCS 4) and (8,8)-TPSK (MCS 5) over TU-1 Hz channel (turbo code, packet size=800 bits).
Summary
A new modulation scheme called TPSK has been defined which shows the performance of constant envelope TPSK scheme is similar to performance of multi-tone BPSK.
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