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[bookmark: _Ref409106980][bookmark: _Ref387147111][bookmark: _Ref416466774]Introduction
[bookmark: _Ref421460494]In RAN1 NB-IOT AdHoc agreements were made regarding the modulations to be supported, namely that pi/2-BPSK and pi/4-QPSK are supported for single tone transmission. However the exact definition how the rotation is applied was left open.  In this paper, we address the question of phase transitions between consecutive symbols in single-tone transmission. This is important when attempting to reduce the peak to average power ratio (PAPR) through the use of pi/2-BPSK and pi/4-QPSK modulations. Our analysis below shows that the phase transitions observed at the symbol boundaries in the transmitted waveform do not equal those between consecutive symbols at the symbol mapper in the TX or as seen by the FFT in the RX. Note that the purpose is not to mandate an particular implementation, but to make the description general enough to allow different implementation options.

Transmitter structures
Fig. 1 presents two alternative structures for single-tone transmission. Fig. 1(a) shows a typical SC-FDMA transmitter. Fig. 1(b) follows the more conventional single-carrier approach. Both can generate an identical single-tone signal. Fig. 2 depicts a high level SC-FDMA receiver structure.  We assume this receiver architecture in the base station as it provides efficient selectivity between users. 
While these two transmitters differ in terms of implementation complexity, they also result in different transmitted waveforms unless symbol phases are treated appropriately, as we will show below. As the exact implementation chosen for single tone transmission is not defined, it is necessary to ensure that the transmitted signal is consistent from receiver perspective.
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[bookmark: _Ref442103172][bookmark: _Ref442191708]Fig. 1. Alternative implementations for single-tone UL transmission. Filtering not shown. Variable  is the absolute time, whereas  is time offset from symbol boundary.
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[bookmark: _Ref442191924]Fig. 2. SC-FDMA-based RX structure in the base station

 

Phase alignment at symbol boundaries
In order that the single-carrier modulation be true pi/2-BPSK or pi/4-QPSK, the transmission should be specified from the viewpoint of the single-carrier transmitter structure in Fig. 1(b). The behaviour of the SC-FDMA TX and RX structures in Fig. 1(a) and Fig. 2, respectively, should be defined in such a way that they are compatible with the single-carrier structure. This ensures correct phase transitions.
In LTE UL, the carrier frequency is defined to be placed halfway between the centermost tones and the same is assumed also for NB-IoT in the context of this paper. This requires a shift of half of the tone spacing after the IFFT and CP insertion in the transmitter. In LTE, this shift is implemented per LTE symbol (see Section 5.6 in [3]), i.e., it cannot be modelled as multiplying with a complex exponential that is continuous across symbols. In this paper, we assume that the half-spacing shift is implemented the same way also in the SC-FDMA architecture of NB-IoT UL TX. 
Fig. 3 illustrates how signal phase behaves at symbol boundaries in single-tone transmission. Due to the cyclic prefix (CP), the phase transition at symbol boundary (between preceding symbol and subsequent CP) is not equal to the corresponding symbol phase difference as observed in the respective FFT windows (at symbol mapper in TX and FFT output in RX). This must be taken into account in SC-FDMA-based implementation of UL TX and RX so that correct symbol phase transitions are realized at the symbol boundary for pi/2-BPSK and pi/4-QPSK. Without such phase alignment, the modulation is not true pi/2-BPSK or pi/4-QPSK. 
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[bookmark: _Ref442089050]Fig. 3. Phase transitions between single-tone symbols due half- spacing frequency shift and the CP, as seen at IFFT output in the UL TX and FFT input in the UL RX.  is the normalized angular frequency (in rad/sample) of the allocated tone.

Let  be the phase angles of pi/2-BPSK or pi/4-QPSK symbols, and  be the phases of modified symbols fed into the IFFT in the UL TX or obtained from the FFT in the UL RX. In order to have correct phase transitions at symbol boundaries, we need to have



where  is the normalized angular frequency (in rad/sample) of the allocated tone (with the half-spacing frequency shift included), and  is the CP length of symbol #l in samples.  can be written as


where  is the tone index (ranging from 0 to 11 for 15 kHz spacing and 0 to 47 for 3.75 kHz spacing), is the number of allocable tones (48 for 3.75 kHz and 12 for 15 kHz),  and  is the FFT length. 
 Now we can extract a cumulative phase rotation term

Then, by defining, , we obtain


If we feed rotated symbols with phases  to the IFFT in the UL TX, the true pi/2-BPSK or pi/4-QPSK phase rotations at symbol boundaries are retained regardless of the tone allocated. This is compatible with the single-tone TX structure in Fig. 1(b). Likewise, the UL receiver recovers the symbol phases  from the phases  obtained from the FFT. 
The single-tone structure in Fig. 1(b) inherently implements the correct phase transitions without any additional adjustment. In fact, the difference of these two transmitter structures in this regard are due to where the frequency shift is performed: the IFFT-based transmitter performs the frequency shift before concatenating the symbols, resulting in the need for the rotation term .

Proposal 1. Define phase alignment for single-tone modulation in such a way that phase transitions at symbol boundaries match those defined by the used modulation scheme, i.e., ±/2 for pi/2-BPSK and ±/4 or ±3/4 for pi/4-QPSK.

The rotation terms  depend on the slot structure. If the slot structure contains a guard interval as presented [4](and proposed to be used [5]) , its duration must be included in the  of the consecutive CP. The rotation term sequence is periodic, which can be utilized in implementation. The symbol rotation depends only on the symbol index (running across (NB-)slots) and allocated tone, whether a symbol is transmitted or not. Therefore, gaps in transmission for SRS collision avoidance, shall not affect the symbol rotation applied to other symbols. Hence, the modulation rotation should continue uninterrupted regardless of whether a symbol is transmitted or not. Similarly, in the case of symbol puncturing, the modulation rotation should be applied uninterrupted.

Proposal 2. Interruptions in single-tone transmission caused by symbol puncturing or fixed gaps do not interrupt the symbol rotation.




Conclusions
We showed that feeding pi/2-BPSK or pi/4-QPSK symbols to the SC-FDMA transmitter architecture does not automatically yield the corresponding phase transitions at symbol boundaries in single-tone modulation because of the phase change during the CP. We proposed that the phase alignment is accounted in the physical layer description to ensure correct phase transitions at symbol boundaries in order to reduce PAPR, as follows:
 Proposal 1. Define phase alignment for single-tone modulation in such a way that phase transitions at symbol boundaries match those defined by the used modulation scheme, i.e., ±/2 for pi/2-BPSK and ±/4 or ±3/4 for pi/4-QPSK.
Proposal 2. Interruptions in single-tone transmission caused by symbol puncturing or fixed gaps do not interrupt the symbol rotation.
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[bookmark: _Ref445201433]Annex: NB-IoT signal generation and phase alignment
In this Annex, we present the NB-IoT signal generation formula from the viewpoints of both Fig. 1(a) and Fig. 1(b).

For the single-carrier TX structure, the transmitted RF signal is (with additional filtering omitted):

where  is the tone spacing,  is the starting time instance of the CP of symbol # with 

 is the CP duration of symbol #,  is the duration of the actual symbol,  is the duration of a possible gap after symbol # (before CP of symbol #+1),  is the complex value of symbol #,  is the carrier frequency,  is the signed index of the allocated tone ( ), and

is the transmit pulse shape (time-variant due to different CP durations), here presented as a rectangular shape for simplicity. The pulse shape  is the same as the window shape in the SC-FDMA-based structure[footnoteRef:1]. [1:  In general, if smoothened window ends are applied,  if  or . ] 


For the SC-FDMA-based single tone transmitter structure, we can rewrite the transmitted signal in an equivalent form

	
Here,  is the additional symbol rotation (in addition to the rotation defined by pi/2-BPSK or pi/4-QPSK) needed to obtain the correct phase transitions at symbol boundaries;  shifts the signal from DC to the allocated tone (corresponds to the IFFT);  represents CP insertion and windowing;  aligns the carrier leakage halfway between the centermost tones in a symbol-by-symbol manner, similar to LTE as specified in Section 5.6 of [3]; and  up-converts the signal to the RF carrier.

The symbol phase rotation for phase alignment is
.
Hence its increment is 

since . We can include a modulus function to keep the angle between 0 and , thus we obtain the cumulative update formula 

where .

Finally, we can write a signal generation formulas that corresponds to the formula in Section 5.6 of 3GPP 36.211 [3], presenting the waveform of a single-tone NB-IoT symbol
,
where  is the time offset from beginning of the CP and  in the notation of [3]. The entire baseband signal is then


The values of  could be tabulated in the specification for each combination of tone spacing and subframe structure.
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