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1. Introduction
In RAN#69, a new WI called NB-IoT was created [1]. Two uplink NB-IoT modulation schemes should be evaluated: FDMA and SC-FDMA, derived from the technical report TR45.820 [2]. The single-tone transmission and its more general form, TPSK, are proposed for SC-FDMA, owing to their lower PAPR property.
However, it is also noticed that the amplitude of single-tone and TPSK signals varies significantly at the symbol boundaries, which can cause spectral regrowth at the output of PAs [3]. To address this problem, a windowing and TX filtering method is proposed in [4], which is shown to achieve smaller amplitude variation. However, for TPSK using 2 to 8 tones, the PAPR can be as high as 2.5 dB. Similarly, if frequency hopping is enabled even for single-tone, the PAPR increases. For SC-FDMA modulation using multi-tones, the PAPR can be even higher. This is a very important consideration because it impacts realistic PA efficiency and therefore UE battery life.
In this paper, a comprehensive set of PAPR results is obtained, using the same windowing and filtering method of [4], for single-tone modulation (with and without frequency hopping), TPSK modulation (with 2 to 8 tones), and multi-tone SC-FDMA modulation. The PAPR of GMSK, used within an FDMA framework with x1 to x8 bonding, is also shown for comparison.
However, PAPR as a metric has some limitations with certain waveforms such as those used for SC-FDMA and also single-tone SC-FDMA. This is a consequence of the waveform transients at the boundaries between symbols, which are largely ignored by the PAPR metric but in practise create spectral re-growth when using a realistic PA model
Various comparisons of uplink schemes’ performance have been published, but without accurately accounting for the performance that may be reasonably expected from the UE transmitter, in particular in the presence of imperfections such as PA distortion and transmitter LO phase noise.
These transmitter characteristics have a significant impact on uplink performance with respect to:
· Transmit spectrum mask
· Interference to adjacent NB-IoT and LTE UE transmissions
· The transmit power that can be used for a given modulation with acceptable distortion and/or spectrum splatter
PAPR has been used as a rough indication of the PA back-off required. More recently cubic metric (CM) has started being used as well. However, while they are valuable as rough figures of merit, PAPR and CM do not comprehensively describe the detailed transmitter performance and their unqualified use can lead to unrealistic expectations about the actual performance of the transmission scheme. 
The second part of this paper shows the real impact of a PA on the SC-FDMA uplink proposals.


2. PAPR evaluation
Table 1: PAPR of single-tone SC-FDMA and TPSK with 2 to 8 tones
	
	Nokia’s results [7]
	Neul’s results Note1

	Complementary CDF
	99.9%
	99.9%
	99.99%

	Single-tone π/2-BPSK without FH
	0.47 dB
	0.5 dB
	0.5 dB

	Single-tone π/2-BPSK with FH Note2
	Not shown
	2.5 dB
	3.1 dB

	Single-tone π/4-QPSK without FH
	2.5 dB
	2.5 dB 
	3.1 dB

	TPSK(2,2) using π/2-BPSK
	0.9 dB
	3.1 dB
	3.1 dB

	TPSK(4,2) using π/2-BPSK
	1.74 dB
	2.8 dB
	3.1 dB

	TPSK(8,2) using π/2-BPSK
	2.51 dB
	2.5 dB
	3.1 dB

	TPSK(2,4) using π/4-QPSK
	2.28 dB
	2.5 dB
	3.1 dB

	TPSK(4,4) using π/4-QPSK
	Not shown
	2.5 dB
	3.1 dB

	TPSK(8,4) using π/4-QPSK
	Not shown
	2.5 dB
	3.1 dB


Note 1: The PAPR varies with sub-carrier location due to the TX filtering, so the worst-case sub-carrier is shown here.
Note 2: In this context, frequency hopping means hopping randomly between subcarriers within a single 180 kHz PRB.

3. 

Table 2: PAPR of multi-tone SC-FDMA
	
	Nokia’s results [7]
	Neul’s results

	Complementary CDF
	99.9%
	99.9%
	99.99%

	2 tone using π/2-BPSK
	3.28 dB
	3.5 dB
	4.0 dB

	4 tone using π/2-BPSK
	2.96 dB
	3.5 dB
	4.5 dB

	8 tone using π/2-BPSK
	2.87 dB
	4.0 dB
	5.0 dB

	2 tone using π/4-QPSK
	Not shown
	2.7 dB
	3.8 dB

	4 tone using π/4-QPSK
	Not shown
	5.3 dB
	5.3 dB

	8 tone using π/4-QPSK
	Not shown
	5.6 dB
	6.2 dB



Table 3: PAPR of GMSK in an FDMA framework with x1 to x8 bonding
	
	Neul’s results

	Complementary CDF
	99.9%
	99.99%

	GMSK 
	0 dB
	0 dB

	GMSK with x2 bonding
	0 dB
	0 dB

	GMSK with x4 bonding
	0 dB
	0 dB

	GMSK with x8 bonding
	0 dB
	0 dB



Observation #1: After windowing and TX filtering, the PAPR of SC-FDMA signals using TPSK modulation can be as high as 3.1 dB.
Observation #2: After windowing and TX filtering, the PAPR of SC-FDMA signals using multi-tone SC-FDMA modulation can be as high as 5.6 dB.
Observation #3:  After windowing and TX filtering, the PAPR of SC-FDMA signals using single-tone modulation can be as high as 2.5 dB when frequency hopping across subcarriers within the 180 kHz PRB is used.
Observation #4: GMSK has exactly zero PAPR in bonded and single sub-carrier configurations since it is a phase-only modulation and has a well defined spectrum that does not require further filtering to meet a tight spectral mask. Similarly PSK modulation within an FDMA framework retains a constant PAPR as the symbol rate is increased.



3.	Proposed PA model
Using a PA model can be straightforward: it can be implemented very efficiently, so it adds negligible extra complexity to uplink link-level simulations.
We suggest the use of a simple power amplifier model, with only third order distortion up to the saturation level.

	function y = pa_model(x, backoff_dB)
 
% AM-AM distortion characteristic: 
% memoryless 3rd order only, up to the saturation level
C = sqrt(10/3);
amam = @(in) (in < 1) .* (1.826*in-((1.826*in).^3)/10) + (in >= 1) * (C-C^3/10);
 
% AM-PM distortion: 15 degrees variation with power level
A = 15;
ampm = @(in) (in < 0.75) * 0 + ((in >= 0.75) & (in < 1)) * 4 .* (in - 0.75) * A + (in >= 1) * A;
 
x = x / (rms(x) * 10^(backoff_dB/20));  % Apply backoff
 
ya = amam(abs(x))/amam(1);              % Apply AM-AM model
yp = angle(x) + pi/180 * ampm(abs(x));  % Apply AM-PM model
 
y = ya.*exp(j*yp);                      % Output signal in baseband quadrature format
 



Figure 1: Simple PA model – Matlab code
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Figure 2: Simple PA model with 3rd order memoryless distortion up to the saturation level. AM-AM and AM-PM characteristics


 

4.	Impact of using a realistic PA model
The figures below illustrate the impact of the PA non-linearity on the spectrum of SC-FDMA modulation.
We used a back-off of 0 dB for the single tone SC-FDMA modulation and 3 dB for the modulations with more than one tone. By ‘back-off’ we mean the ratio between the input signal level at which the PA enters saturation and the RMS of the signal applied to the PA input in each test.
This shows that the GSM spectrum mask is not met at the PA output.
We used the pulse shaping filter ‘F’ of [5] and we applied either no windowing, or overlap-add with a quarter-wave-sine window [4] at symbol boundaries.
The GSM mask is aligned to a GSM signal of +23 dBm, the same power as that of the NB-IoT transmissions evaluated.



[image: Z:\standards\nb-lte\sc-fdma-spec_1.tif]
Figure 3: Impact of PA distortion on SC-FDMA-QPSK using 1 sub-carrier. Back-off is 0 dB.
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Figure 4: Impact of PA distortion on SC-FDMA-QPSK using 4 sub-carriers. Back-off is 3 dB.
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Figure 5: Impact of PA distortion on SC-FDMA-QPSK using 8 sub-carriers. Back-off is 3 dB.
[image: Z:\standards\nb-lte\sc-fdma-spec_16.tif]
Figure 6: Impact of PA distortion on SC-FDMA-QPSK using 16 sub-carriers. Back-off is 3 dB.
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Figure 7: Impact of PA distortion on SC-FDMA-QPSK using 32 sub-carriers. Back-off is 3 dB.


5.	Conclusions
Firstly, we evaluated the PAPR, using the same windowing and filtering method of [4], for single-tone SC-FDMA modulation (with and without frequency hopping), TPSK modulation (with 2 to 8 tones), and multi-tone SC-FDMA modulation. The PAPR of GMSK, used within an FDMA framework with x1 to x8 bonding, is also shown. The results indicate the following observations:
Observation #1: After windowing and TX filtering, the PAPR of SC-FDMA signals using TPSK modulation can be as high as 3.1 dB.
Observation #2: After windowing and TX filtering, the PAPR of SC-FDMA signals using multi-tone SC-FDMA modulation can be as high as 5.6 dB.
Observation #3:  After windowing and TX filtering, the PAPR of SC-FDMA signals using single-tone modulation can be as high as 2.5 dB when frequency hopping across subcarriers within the 180 kHz PRB is used.
Observation #4: GMSK has exactly zero PAPR in bonded and single sub-carrier configurations since it is a phase-only modulation and has a well defined spectrum that does not require further filtering to meet a tight spectral mask. Similarly PSK modulation within an FDMA framework retains a constant PAPR as the symbol rate is increased.

Secondly, we show that using a realistic PA model in UL link-level simulations reveals important, and previously un-reported, characteristics of the SC-FDMA candidate modulation.
We propose a PA model with relatively mild distortion: 3rd order memoryless distortion up to the saturation level. When passed through this model, the spectrum of SC-FDMA modulations can breach the GSM mask when using a back-off of 0 dB for single-tone SC-FDMA and 3 dB for multi-tone SC-FDMA. 
It is especially worth noting that single-tone SC-FDMA and similarly TPSK causes spectrum splatter when passed through a non-linear PA, despite these modulations having a low PAPR. This is a consequence of the waveform transients at the boundaries between symbols, which are largely ignored by the PAPR metric but in practise create spectral re-growth when using a realistic PA model.
Observation #5: The PAPR metric does not provide an accurate view of the performance of the single-tone SC-FDMA modulation. The PAPR metric largely ignores the impact of waveform transients at the boundaries between symbols, but these transients create spectral splatter when using a realistic PA model.
Observation #6: When using a realistic PA model even with relatively mild distortion, the spectrum of SC-FDMA modulation can breach the GSM mask when using a back-off of 0 dB for single-tone SC-FDMA and 3 dB for multi-tone SC-FDMA.
Observation #7: There is no agreed assumption that the GSM mask is sufficient to ensure coexistence with systems occupying adjacent spectrum. In fact, the GSM mask has a broad bandwidth because the GSM symbol rate (270 kHz) is larger than the GSM channel bandwidth (200 kHz); this is because GSM uses frequency planning to manage adjacent channel interference. 
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