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Introduction
At RAN#70, a revised NB-IoT WID [1] was approved based on the discussions and evaluations in RAN1 [2] and the outcome of the GERAN SI on Cellular IoT [3].
In this contribution, we propose a modification to a conventional single-subcarrier SC-FDMA waveform that ensures it has exactly constant envelope (zero amplitude modulation), whilst retaining orthogonality with other subcarriers (transmitted from other UEs). This modulation is intended specifically for “single-tone” PUSCH operation of NB-IoT UEs. 
The proposal has much in common with previous proposals relating to the SC-FDMA uplink such as [4]. However, in this proposal the time domain filtering/windowing in [4] is replaced with a subcarrier dependent phase shift plus a phase domain filter to smooth phase transitions between symbols. The benefit of this approach is that an exactly constant envelope waveform is generated which avoids the large amplitude dips that occur at symbol boundaries when relying on a time domain filter. 
Furthermore, it is shown that with the proposed approach the out-of-band side-lobes are sufficiently attenuated by the phase filtering that, when combined with a subcarrier dependent deterministic phase shift, the GSM spectral mask can be met. Therefore, this approach allows the use of a power amplifier that is operated fully in saturation without any spectral regrowth, which improves energy efficiency and reduces implementation complexity/cost.

Existing proposals for PAPR reduction for single-tone PUSCH
[bookmark: _GoBack]Conventional single subcarrier SC-FDMA waveforms have constant envelope over the duration of the cyclic prefix and symbol; however, the phase discontinuity at the boundary of the symbols results in an infinitely wide spectrum. To limit the spectrum, techniques such as transmit filtering or windowing are commonly employed, for example as proposed in [4]. These techniques attenuate the spectrum side-lobes, but at the cost of introducing amplitude modulation. It is important to note that the amplitude modulation can be rather large at the symbol boundaries, even though the PAPR metric may appear to be relatively low, because it takes the form of large amplitude dips. This reduces the efficiency of the power amplifier and/or adds complexity when compared to using a constant amplitude signal with a fully saturated power amplifier.
The amplitude modulation that is introduced in the transmit waveform by the time domain (i.e. IQ domain) transmit filtering/windowing is illustrated in Figure 1 which is taken from Figure 7 of [4]. It can be seen that the amplitude dips at the symbol boundaries can be up to -14 dB. These are not significantly reflected in the PAPR metric simply because they are relatively short duration so do not have much impact on the average power relative to the peak power. However, they still need to be tracked by the PA to avoid spectral regrowth.
[image: ]
[bookmark: _Ref440210827]Figure 1: Amplitude modulation following transmit filtering, taken from figure 7 of [4]

Constant-envelope single-tone PUSCH waveform design
The proposed single subcarrier PUSCH is modulated as follows:
1. The binary data is mapped to the signal constellation. In this contribution, BPSK and QPSK are considered.
2. Each signal constellation point is input to a single bin of an IFFT, which creates the time domain symbol. For 15 kHz subcarrier spacing, a 128 point IFFT is used, and for 3.75 kHz spacing a 512 point IFFT is used. Only the central bins are used (12 or 48), and the remaining bins are zero padded such that the resulting time domain signal is sampled at 1.92 MHz.
3. A cyclic prefix is pre-pended to the symbol. This is either 9 samples for 15 kHz subcarrier spacing, or 36 samples for 3.75 kHz spacing.
This conventional transmit processing is shown in the block diagram in Figure 2.
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The transmit processing for the constant amplitude single subcarrier PUSCH proposed in this contribution consists of the following additional components, as shown in Figure 3:
· A subcarrier dependent deterministic phase shift, applied on the mapped symbols.
· Calculation of the phase of each sample followed by a phase unwrap, applied after the cyclic prefix insertion.
· A phase-domain low pass filter, applied to the phase values after the phase unwrap. The time domain signal is reconstructed from the filtered phases whilst maintaining a constant amplitude term.
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These additional processing steps retain the constant amplitude property because the filtering is performed in the phase domain (and there is no IQ domain filtering). In addition, the orthogonality between subcarriers is effectively maintained provided the filtering is largely contained within the cyclic prefix. 

Phase domain filter
The low pass filter is applied to the unwrapped phase of the ideal transmit signal. This filter is chosen to be as short as possible while meeting the defined spectral mask and removes the phase discontinuities (phase jumps) in the unwrapped phase at the symbol boundaries.
An example of a suitable filter is a Gaussian pulse is shown in Figure 4; note that this filter is applied to the unwrapped phases not to the time domain signal. The 24 coefficients of this example filter are:
h[n] 		=  	[0.0001    0.0004    0.0011    0.0031 	0.0073    0.0153    0.0284    0.0471 …    
 0.0697    0.0928    0.1119    0.1228  	0.1228    0.1119    0.0928    0.0697 …
 0.0471    0.0284    0.0153    0.0073   	0.0031    0.0011    0.0004    0.0001    ]

Deterministic phase shift
The out-of-band emissions are controlled by the phase domain low pass filter bandwidth, which is generally related to the length of the filter. In other words, the longer the filter, the lower the out-of-band emissions.
However, the filter may negatively impact the received EVM due to the corruption of circulance if the filter is too long considering the cyclic prefix length (and also considering the delay spread impact of multipath channels). Therefore, the filter should be kept as short as possible.
To reduce the length of the filter required to meet a given spectral mask, a deterministic phase shift can be applied to the mapped symbols which biases the phase jump direction between the resulting unwrapped phases of the symbols after the cyclic prefix has been applied. The biasing is chosen so that the resulting spectrum is asymmetric according to the position of the subcarrier within the overall resource block. This allows the subcarriers near the band edge to reduce their out-of-band spectrum side-lobes.
The phase shift applied between symbols is chosen to be:

where n is the subcarrier number (with 0 being the most negative frequency subcarrier), Nsc is the number of subcarriers (e.g. 12 for 15kHz and 48 for 3.75kHz) ), Nmod is he number of bits per symbol (for example, 1 for BPSK, 2 for QPSK), and K is a constant that is chosen as a trade-off between the maximum allowable phase shift and the required spectral mask. For example, if K=1, the maximum phase shift for BPSK occurs on the central subcarriers and is close to π/2 and if K=0, the phase shift for BPSK is π/2 on all subcarriers. For the plots and analysis below, this is chosen to be 1; however with a less stringent spectral mask the value K could be lowered below 1 to reduce the required transmitter phase modulation bandwidth while still meeting the mask with reasonable margin.
[image: ] 
[bookmark: _Ref436947177]Figure 4 : Example phase smoothing filter, sampled at the 1.92MHz sample rate (CP sample rate)

Observation #1: For single-subcarrier transmissions, the proposed addition of a phase domain filter and subcarrier dependent phase shift between symbols retains both the constant-envelope property and the orthogonality between subcarriers during the duration of the symbol.

Constant-envelope single-tone PUSCH spectral response
The spectral responses of the phase filtered subcarriers are compared to the GSM spectral mask in Figure 5, Figure 6, Figure 7 and Figure 8, which show the resulting spectrum for both 3.75 kHz and 15 kHz subcarrier spacing and for both BPSK and QPSK modulations. 
Note that the overlaid spectral mask in each figure corresponds to the GSM spectral mask for a 23 dBm GSM transmission, and the NB-IoT transmissions are also shown for a 23 dBm single-subcarrier transmission.
Observation #2: The transmit spectrum can be spectrally limited to meet the 23 dBm GSM spectral mask for single subcarrier transmissions, without introducing any amplitude modulation (i.e. maintaining exactly constant envelope).

[image: ]
[bookmark: _Ref437890392]Figure 5 : Transmit Spectrum for each of the 12 subcarriers (spaced at 15kHz) with BPSK modulation compared to the 23 dBm GSM spectral mask
[image: ]
[bookmark: _Ref437942207]Figure 6 : Transmit Spectrum for each of the 12 subcarriers (spaced at 15kHz) with QPSK modulation compared to the 23 dBm GSM spectral mask
[image: ]
[bookmark: _Ref437890400]Figure 7 : Transmit Spectrum for each of the 48 subcarriers (spaced at 3.75kHz) with BPSK modulation compared to the 23 dBm GSM spectral mask
[image: ]
[bookmark: _Ref437890403]Figure 8 : Transmit Spectrum for each of the 48 subcarriers (spaced at 3.75kHz) with QPSK modulation compared to the 23 dBm GSM spectral mask


Constant-envelope single-tone PUSCH received Error Vector Magnitude
As with transmit pulse shaping and windowing, there may be a degradation to the minimum error vector magnitude (EVM) observable at the receiver due to some corruption of the circulance property of the transmit waveform.
For all error vector magnitude calculations at the receiver, the TU channel and two receive antennas are used. The cyclic prefix is set to 9 samples at 1.92 MHz sampling rate for 15 kHz subcarrier spacing and 36 samples for 3.75 kHz subcarrier spacing.
The EVM over all subcarriers is shown in Figure 9 and Figure 10, assuming the FFT window is aligned such that the start of the window is at the end of the cyclic prefix. The average EVM is very low when compared with the demodulation threshold required for BPSK and QPSK modulations.

[image: ]
[bookmark: _Ref437890990]Figure 9 : EVM measured on each of the 12 subcarriers for 15 kHz subcarrier spacing
[image: ]
[bookmark: _Ref437890996]Figure 10 : EVM measured on each of the 48 subcarriers for 3.75 kHz subcarrier spacing

Observation #3: The EVM degradation at the receiver due to the phase domain filtering is not significant, even with the TU multipath channel.
To evaluate the effects of the phase filtering combined with the multipath channel when non-ideal FFT window alignment occurs due to timing errors, the EVM was also measured at various sampling points within the cyclic prefix. The average EVM for 15 kHz subcarrier spacing is shown in Figure 11 and for 3.75 kHz subcarrier spacing in Figure 12. Both figures demonstrate a low EVM when compared to the demodulation threshold.
Due to the non-causal nature of the phase-domain filter combined with the impact of the delay spread of the channel, the optimum FFT window position is not at the end of the cyclic prefix for the 3.75 kHz subcarrier spacing. However, the amount of leakage from the next symbol into the current symbol is very small due to the overall length of the symbol being much greater that the phase filter length (512 samples at 1.92 MHz compared to a length 31 phase filter).
[image: ]
[bookmark: _Ref437891025]Figure 11 : EVM measured on an edge subcarrier with 15 kHz subcarrier spacing for non-ideal sampling times (with 9 being the length of the cyclic prefix at 1.92 MHz sampling)
[image: ]
[bookmark: _Ref437891027]Figure 12 : EVM measured on an edge subcarrier with 3.75 kHz subcarrier spacing for non-ideal sampling times (with 48 being the length of the cyclic prefix at 1.92 MHz sampling)



Observation #4: The EVM degradation at the receiver in the presence of timing errors is not significant, even with the TU multipath channel.
To evaluate the orthogonality between users, the average energy per FFT bin with a single occupied subcarrier has been simulated and is shown in Figure 13. The energy leakage is shown to be very low (less than -50dB) which demonstrates that orthogonality is effectively maintained.
[image: ]
[bookmark: _Ref436947298]Figure 13 : Energy per bin of a 128 point FFT taken at the optimum sampling point on the received signal in a flat fading channel

Observation #5: Orthogonality is effectively maintained between subcarriers, with the adjacent subcarrier leakage being less than -50dBc.

Conclusions
In this contribution, a constant-envelope single-subcarrier PUSCH modulation is proposed. It is based on a conventional SC-FDMA framework, but the time domain filtering/windowing in previous proposals, for example [4], has been replaced with a subcarrier dependent phase shift and a phase domain filter to smooth phase transitions between symbols. The length of the phase domain filter is minimized by virtue of the phase shifts which create an asymmetric spectrum according to subcarrier index. The proposed approach provides spectral shaping to meet the GSM spectral mask whilst maintaining an exactly constant envelope signal (no amplitude modulation), which allows the use of high efficiency and low complexity PAs (e.g. operating fully in saturation).
The proposed modulation has been shown to meet the 23 dBm GSM spectral mask without a significant degradation to the received EVM. In summary, the following observations have been made:
Observation #1: For single-subcarrier transmissions, the proposed addition of a phase domain filter and subcarrier dependent phase shift between symbols retains both the constant-envelope property and the orthogonality between subcarriers during the duration of the symbol.
Observation #2: The transmit spectrum can be spectrally limited to meet the 23 dBm GSM spectral mask for single subcarrier transmissions, without introducing any amplitude modulation (i.e. maintaining exactly constant envelope).
Observation #3: The EVM degradation at the receiver due to the phase domain filtering is not significant, even with the TU multipath channel.
Observation #4: The EVM degradation at the receiver in the presence of timing errors is not significant, even with the TU multipath channel.
Observation #5: Orthogonality is effectively maintained between subcarriers, with the adjacent subcarrier leakage being less than -50dBc.
Following these observations, we make the following proposals:
Proposal #1: Single-tone PUSCH transmission should maintain a constant envelope waveform.
Proposal #2: PAPR reduction techniques for single-tone PUSCH based on filtering of the signal in the phase domain should be supported.
Proposal #3: The phase-domain filter length should be minimized. This can be achieved by applying subcarrier dependent phase shifts. 
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