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1. Introduction
This paper discusses some technical analysis about Peak to Average Power Ratio (PAPR) for SC-FDMA-based UL NB-IoT. 
2. Peak to Average Power Ratio (PAPR) for SC-FDMA-based NB-IoT uplink
2.1   PAPR for reduced-subcarrier SC-FDMA transmission
In NB-IoT discussions, one of the controversies between SC-FDMA-based and GMSK-based uplink is the higher PAPR of SC-FDMA-based signal. In Section 2 of this contribution it is shown that PAPR can be radically reduced by limiting the number of modulated SC-FDMA subcarriers and the application of time-domain windowing of FDMA symbols before band-limiting the signal by filtering. 
As a side benefit, windowing helps to reduce spectral leakage into the adjacent channel (ACLR).
A negative side-effect of SC-FDMA symbol windowing could be that it increases ISI which could lead to receiver performance degradation in frequency selective fading channels. However, this is not the case. As a result of the equation below, 6 out of 7 symbols in a 3 ms slot have 9 samples and one has 10 samples of CP at a sample rate of 320 kHz. This in turn results in a minimum CP time duration of 9/320 kHz = 28 us compared with the delay spread of the standard 3GPP channel models, which generally have less than 5 us rms delay spread.
A small portion (2 samples) of the Cyclic Prefix (CP) length (9-10 samples) in SC-FDMA-based UL NB-IoTis sufficient to account for the delay spread of the multi-path propagation. Uplink transmit timing misalignment can also be reduced to a small part of the CP, as well, except for some extreme low SNR scenarios where some loss of orthogonality can be tolerated. Hence, the remaining length can be used for windowing without risking any significant performance degradation of the reception at the eNodeB.

TotalCPDurationPerSlot + 7 FDMA symbols  / (2.5 kHz subcarrier placing)  =  ½ SubFrameLength = 3 ms
TotalCPDurationPerSlot = 200 us / Slot

Observation 1: A small portion (2 samples) of the Cyclic Prefix (CP) length (9-10 samples) in UL NB-IoT is sufficient to account for the delay spread of the multi-path propagation. Uplink transmit timing misalignment is proportional to delay spread, and stays moderate for SNR levels where small losses in orthogonality might matter.
2.2  Simulated PAPR Performance
In SC-FDMA-based UL design, a channel bandwidth of 200 kHz hosts 72 subcarriers with 2.5 kHz subcarrier spacing and 10 kHz guard band on each ends. The subcarrier shall be indexed from -36 through 35, 0 corresponding to DC subcarrier at baseband previous to the half-subcarrier shift defined in the 3GPP LTE standard. 
Assuming Fs = 320 kHz sample frequency, a 128-pt IFFT  will generate the symbols. The CP length is 9 samples, and the overlap length WL characterizing the time-domain window varies from 5 to 7 samples over the simulations. Windowing is illustrated by Figure 1.
Figure 2 shows the PAPR statistics obtained as a function of the index of the modulated subcarrier and the parameter WL, when a single SC-FDMA subcarrier is allocated to the UE and BPSK symbols are used as input. The PAPR results vary over the subcarrier index because of the effects of the pulse-shaping filter applied on the IFFT output, which limits the bandwidth. 
Figure 3 shows similar PAPR statistics obtained when two adjacent SC-FDMA subcarriers are allocated to the UE.


Figure 1. Windowing of FDMA symbols 

Observation 2: SC-FDMA with one sub-carrier or 2 sub-carriers can achieve a low PAPR figure of around 0.5 dB or less. 
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Figure 2. PAPR [dB] as a function of the subcarrier index of the modulated subcarrier 
when a single SCFDMA subcarrier is modulated by BPSK 
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Figure 3. PAPR [dB] as a function of the subcarrier index of the first modulated subcarrier 
when a two adjacent SCFDMA subcarriers are modulated by BPSK

The PAPR results obtained for two (adjacent) BPSK modulated SC-FDMA subcarriers are almost identical to the case when a single SC-FDMA subcarrier is modulated. This is due to the fact that for a BPSK input, the DFT used as a pre-coding transform results in multiplexing between the two allocated subcarriers and modulating them by BPSK. 
Observation 3: The PAPR results obtained for two (adjacent) BPSK modulated SC-FDMA subcarriers are almost identical to the case when a single SCFDMA subcarrier is modulated. 
2.3  PAPR reduction by center frequency tuning
As observed in Figures 2 and 3, the PAPR gets higher for subcarrier allocations towards the 200 kHz channel edge where the channel filter cuts into the signal spectrum. Figure 4 illustrates the distortion in the frequency domain for a subcarrier far from the edge (#1) and near to the edge (#2). 
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Figure 4. Distortion in the frequency domain for a subcarrier far from the edge (#1) and near to the edge (#2) 
(waveforms out of proportion for better illustration)

A straightforward way to reduce the distortion to the waveform, hence its PAPR, is to adjust the center frequency of the transmitting RF frontend so as to shift the center of the passband of the filter towards the frequency of the allocated subcarrier. The idea is illustrated in Figure 5. The image frequencies are still suppressed, but the leakage into the adjacent channel or band is no longer attenuated within the passband of the filter, which can overlap with the adjacent channel / band by at most 100 kHz depending on the subcarrier allocation. The maximum leakage level is higher when the allocated subcarrier is close to the edge of the 200 kHz channel allocation (case #2 in the figure). 
For in-band operation this is mostly acceptable since the received signal strength is low at the eNodeB for extended coverage scenarios applying the single subcarrier allocations.  
For standalone operation the eNodeB implementation needs to make sure that the subcarrier is not allocated close to the edges of the 200 kHz channel allocation (case #2 in the figure). For guard-band deployment the situation is similar, except that only one of the channel edges present the same problem.

Observation 4: PAPR is adversely affected by transmit channel filtering, and the impact is larger for subcarrier allocations towards the edges of the passband of the filter.

Observation 5: Linear distortion of the transmitted waveform, hence its PAPR, can be reduced by adjusting the center of the passband of the transmit channel filter used by the UE so as to align it with the frequency of the subcarrier allocated to the UE. Image frequencies are still suppressed but spectral leakage within 100 kHz from the subcarrier allocation is not attenuated. This is acceptable in many scenarios, especially if the eNodeB implementation selects appropriate allocations. 

Observation 6: Center frequency tuning combined with windowing ensures PAPR < 0.1 dB across all single subcarrier allocations.
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Figure 5. Center frequency adjustment to the transmit channel filter to reduce PAPR. Spectral leakage scenarios for in-band, guard-band and standalone deployment
3. Cubic Metric for UL NB LTE

3.1.  Cubic Metric for reduced-subcarrier SC-FDMA transmission
Cubic Metric (CM) has been used with LTE as an indicator of the required PA de-rating with respect to a reference waveform that is required to keep the spectral re-growth caused by PA compression at a constant reference level. Its definition is given by
CM = ( RCM – RCM_reference ) / K + X dB
with

RCM  =  20*log10 ( rms(  (  | v(t) |   /  rms(  | v(t) |  )  ) ^3  )  )  
In the CM data we present in Figures 6 and 7 the slope factor K = 1.56 is used. X is a de-rating term accounting for differences in the signal band-width. Since the only comparison made here is between different positions of subcarrier allocations, X is set to 0.
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Figure 6. CM obtained with a single BPSK-subcarrier allocated
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Figure 7. CM obtained with two BPSK-subcarriers allocated

Observation 7: For one or two allocated SC-FDMA subcarriers and BPSK modulation, the CM metric stays below 0.1 dB.

4. Conclusion
In NB-IoT discussions, one of the controversies between SC-FDMA-based and GMSK-based uplink is the potentially higher PAPR/CM of SC-FDMA-based signal. This paper demonstrates that allocating 1 or 2 subcarriers to a UE and using BPSK with FDMA symbol windowing allows reducing the PAPR below 0.5 dB, which can further be optimized by tuning the center frequency. The CM metric stays below 0.1 dB. Both metrics indicate that the PA can operate power efficiently, in the region where the signal gets compressed, without significant degradation in EVM nor violating the spectral emission requirements. For the presented extended coverage (i.e., single subcarrier allocation) case and by making use of the proposed implementation techniques SC-FDMA allows similar PA power efficiency as GMSK . Our observations are listed below,
Observation 1: A small portion (2 samples) of the Cyclic Prefix (CP) length (9-10 samples) in UL NB-IoT is sufficient to account for the delay spread of the multi-path propagation. Uplink transmit timing misalignment is proportional to delay spread, and stays moderate for SNR levels where small losses in orthogonality might matter.
Observation 2: SC-FDMA with one sub-carrier or 2 sub-carriers can achieve a low PAPR figure of around 0.5 dB or less. 

Observation 3: The PAPR results obtained for two (adjacent) BPSK modulated SCFDMA subcarriers are almost identical to the case when a single SC-FDMA subcarrier is modulated. 

Observation 4: PAPR is adversely affected by transmit channel filtering, and the impact is larger for subcarrier allocation towards the edges of the band of the filter.

Observation 5: Linear distortion of the transmitted waveform, hence its PAPR, can be reduced by adjusting the center of the passband of the transmit channel filter used by the UE so as to align it with the frequency of the subcarrier allocated to the UE. Image frequencies are still suppressed but spectral leakage within 100 kHz from the subcarrier allocation is not attenuated. This is acceptable in many scenarios, especially if the eNodeB implementation selects appropriate allocations. 

Observation 6: Center frequency tuning combined with windowing ensures PAPR < 0.1 dB across all single subcarrier allocations.
Observation 7: For one or two allocated SC-FDMA subcarriers and BPSK modulation, the CM metric stays below 0.1 dB.
On the basis of these observations, the following conclusion could be derived:
Conclusion: PAPR & CM of single allocated subcarrier SC-FDMA are similar to those of GMSK, provided that Tx windowing and appropriate implementation methods are applied. 
Appendix – PAPR simulation setup

Parameter:
	Sampling frequency Fs 
	320 kHz

	Up-sampling ratio used while the pulse shaping 
	6

	Pulse shaping filter
	Raised Cosine

	6 dB cut-off frequency
	137 kHz

	Roll-off
	0.11

	Transition band
	120-150 kHz

	IFFT length
	128

	FFT length in Figure 2
	1

	FFT length in Figure 3
	2

	Range of WL
	5,6,7

	Window weights in the overlap region.
	0.5*( 1+cos(pi/WL*(0.5+(0:WL-1))) );

	PAPR
	Largest Peak over all FDMA symbols / RMS

	Number of  FDMA symbols concatenated and filtered for each simulated point
	10000
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