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This paper discusses some technical analysis about Peak to Average Power Ratio (PAPR) for UL NB LTE in extreme coverage case where the device needs maximum coverage enhancement. 

1. Peak to Average Power Ratio (PAPR) for UL NB LTE
2.1   PAPR for reduced-subcarrier SC-FDMA transmission
An often quoted disadvantage of NB LTE against GMSK single carrier systems is its higher PAPR. In this contribution it is shown that PAPR can be radically reduced through a limitation of 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 positive side-effect, FDMA symbol windowing reduces spectral leakage, which could, for instance, damage the transmissions on adjacent subcarriers used by other UE’s in the presence of carrier frequency offset between UE’s. Allocating power onto a single subcarrier improves the link budget.
A potentially negative side-effect of FDMA symbol windowing is the reduction in ability to handle ISI resulting from frequency selective fading. However, it should be noted that thanks to the reduced subcarrier spacing compared to LTE and the corresponding symbol duration increase, NB-LTE is inherently less sensitive to ISI. As shown in 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 sampling rate of 320 kHz. This in turn results in a minimum CP time duration of 9/320 kHz = 28 us. This is significantly larger than the delay spread of the standard 3GPP channel models, which generally have less than 5 us delay spread. In NB-LTE, it is therefore possible to make use of part of the cyclic prefix for symbol windowing without negatively impacting the ability of the receiver to operate in frequency selective channels.
A small portion (2 samples) of the Cyclic Prefix (CP) length (9-10 samples) in UL NB LTE is sufficient to account for the delay spread of the multi-path propagation. The remaining length can then 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 LTE is sufficient to account for the delay spread of the multi-path propagation. 

2.2 Simulated PAPR Performance
In UL NB LTE, a channel bandwidth of 200 kHz hosts 72 subcarriers with 2.5 kHz subcarrier spacing and 10 kHz guard bands on each ends. The subcarrier can be indexed from -36 through to 35, 0 corresponding to DC subcarrier at baseband prior to the half-subcarrier shift defined in the 3GPP LTE standard. 
Assuming a sampling frequency Fs equal to 320 kHz, a 128-pt IFFT will generate the data part of the SC-FDMA symbols. The CP length is equal to 9 samples, and the overlap length WL characterizing the time-domain window varies from 4 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  variability with the subcarrier index is due to the pulse-shaping filter applied on the IFFT output, which limits the bandwidth. 
Figure 3 shows similar PAPR statistics obtained when two adjacent SCFDMA subcarriers are allocated to the UE.
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Figure 1. Windowing of SC-FDMA symbols 
Observation 2: SC-FDMA with one sub-carrier or 2 sub-carriers can achieve a PAPR figure less than 0.5 dB in extreme coverage. 
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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 SCFDMA subcarriers are almost identical to the case when a single SCFDMA subcarrier is modulated. This is due to the fact that for BPSK input the DFT used as precoding 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 SCFDMA subcarriers are almost identical to the case when a single SCFDMA subcarrier is modulated. 
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[bookmark: OLE_LINK219][bookmark: OLE_LINK218]An often mentioned drawback of UL NB LTE in comparison to non-linear modulation methods lies in the potential increase PAPR which would reduce the power efficiency of the transmitter. This paper demonstrates that allocating 1 or 2 subcarriers to a UE and using BPSK with SC-FDMA symbol windowing makes it possible to keep the NB LTE UL PAPR below 0.5dB in extreme coverage.
Observation 1: A small portion (2 samples) of the Cyclic Prefix (CP) length (9-10 samples) in UL NB LTE is sufficient to account for the delay spread of the multi-path propagation. 
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Observation 3: The PAPR results obtained for two (adjacent) BPSK modulated SCFDMA subcarriers are almost identical to the case when a single SCFDMA subcarrier is modulated. 

Appendix – PAPR simulation setup

Parameter:
	Sampling frequency Fs 
	320 kHz

	Up-sampling ratio post pulse shaping 
	6

	Up-sampling filter type
	Raised Cosine

	Up-sampling filter 6 dB cut-off frequency
	137 kHz

	Up-sampling filter roll-off
	0.11

	Up-sampling filter transition band
	120-160 kHz

	IFFT length
	128

	DFT length in Figure 2
	1

	DFT length in Figure 3
	2

	Range of WL
	4,5,6,7

	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 SC-FDMA symbols concatenated and filtered for each simulated point
	10000
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