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[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IOT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. 
NB-IOT should support 3 different modes of operation: 
1.	“Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers
2.	“Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	“In-band operation” utilizing resource blocks within a normal LTE carrier
NB-IOT currently includes two uplink options under consideration, SC-FDMA, and FDMA with GMSK modulation. In this contribution, we present the spectral characteristics, the peak-to-average power ratio (PAPR), and relative cubic metric, of the SC-FDMA option.
[bookmark: _GoBack]This contribution is an updated of [8], adding simulation results with a realistic PA-model.
SC-FDMA uplink option for NB-IOT
The SC-FDMA option in NB-IOT is based on single-carrier frequency-division multiple-access (SC-FDMA). This allows flexible UE bandwidth allocation including single tone transmission as a special case of SC-FDMA. 
Uplink Modulation
The two modulation options considered for the SC-FDMA uplink option are pi/2 BPSK and pi/4 QPSK. In these modulations, the constellation is rotated pi/2 or pi/4 radians every symbol. This enables smoother transitions between constellation points, reducing the peak to average power ratio (PAPR). These modulation options are considered for uplink data and control channel transmissions, except for M-PRACH preambles. This contribution will give the spectral characteristics, the PAPR, and the relative cubic metric compared to GMSK, of SC-FDMA with a subcarrier spacing of 2.5 kHz. The PAPR of M-PRACH is addressed in [2]. 
Transmit Filters
The amplitude variations of a transmission depend on the transmit filter, and in this contribution two transmit filters will be studied. The first one, filter G, is a 9-tap Gaussian filter, and the second one, filter F, is a 12-tap filter with rather flat frequency response. The two filters are presented in Figure 1 and Figure 2, respectively. In Table 1 the coefficients for these filters are given.
One realization of the transmitter may be to generate symbols of length 128 samples, before concatenating them with a cyclic prefix of 9 samples (10 samples for every seventh symbol). A subcarrier spacing of 2.5 kHz corresponds to transmitting these samples at 320 ksps (kilo-samples per second). For transmit filtering, this signal can be up-sampled a number of times and fed through a transmit filter. Other implementation alternatives are also possible. 
In this contribution, for simplicity, the transmitter is operating directly at 1.28 Msps, the sampling rate at which the transmit filters are applied in the evaluations. With such a setup each OFDM symbol is 512 samples long, excluding the cyclic prefix. At this sampling rate, the cyclic prefix is 36 or 40 samples, which can be compared to the filter length of 9 or 12 samples. 
[image: ]
Figure 1 Filter G, a 9-tap Gaussian filter

[image: ]
Figure 2 Filter F, a 12-tap filter with rather flat frequency response



[bookmark: _Ref435544919]Table 1 Filter coefficients for the two filters
	Filter
	Filter coefficients

	Filter G,
Gaussian
	1
	2
	3
	4
	5
	6

	
	0.050876
	0.28006
	0.94703  
	1.9671      
	2.5099      
	1.9671     

	
	7
	8
	9
	10
	11
	12

	
	0.94703     
	0.28006    
	0.050876
	
	
	

	Filter F,
Flat
	1
	2
	3
	4
	5
	6

	
	-0.090387     
	-0.1485    
	0.081264    
	0.83855      
	1.9791      
	2.8621      

	
	7
	8
	9
	10
	11
	12

	
	2.8621      
	1.9791     
	0.83855    
	0.081264     
	-0.1485   
	-0.090387



Spectral characteristics
The SC-FDMA signal can be composed of 1-72 subcarriers if the bandwidth is 180 kHz and the subcarrier spacing is 2.5 kHz. The power spectral density (PSD) of a 72-subcarrier transmission is shown for each filter in Figure 3 and Figure 4. The transmitted SC-FDMA signals have 23 dBm power in all figures, and the GSM spectrum mask shown in the figures is positioned so that its maximum PSD is aligned with what would be the maximum PSD a GSM signal with 23 dBm power. 

[image: ]
[bookmark: _Ref434586977]Figure 3 Spectral characteristics of filter G

[image: ]
[bookmark: _Ref434586978]Figure 4 Spectral characteristics of filter F
The variations in the pass band of filter F are within 1 dB. As shown, SC-FDMA filtered with these filters fulfill the GSM spectrum mask with a 72 subcarrier transmission.
Figure 5 and Figure 6 illustrate the power spectral density of a single-subcarrier transmission of SC-FDMA with 2.5 kHz subcarrier spacing, positioned in the first, one of the middle, and the last, subcarrier. The GSM spectrum mask is exceeded within the 180 kHz carrier bandwidth. This is expected since the NB-IOT signal is so narrow compared to the wide GSM signal, relative to which the mask is positioned. The more important question is whether the mask is exceeded outside of the 180 kHz carrier bandwidth, and the figures show that SC-FDMA fulfills the mask also with single-subcarrier transmission. 
[image: ]
[bookmark: _Ref434587166]Figure 5 Power spectral density of single 2.5 kHz subcarrier SC-FDMA transmission with filter G.
The power spectral density in Figure 5 and Figure 6 represents both pi/2 BPSK and pi/4 QPSK modulation. 

[image: ]
[bookmark: _Ref434587167]Figure 6 Power spectral density of single 2.5 kHz subcarrier SC-FDMA transmission with filter F.
In Figure 7 and Figure 8 multi-subcarrier transmissions are shown. The curves represent both pi/2 BPSK and pi/4 QPSK modulation. In all cases the transmissions fulfil the GSM spectrum mask outside of the 180 kHz carrier bandwidth.
[image: ]
[bookmark: _Ref434587169]Figure 7 Power spectral density of multi-subcarrier SC-FDMA transmissions with filter G
[image: ]
[bookmark: _Ref434587170]Figure 8 Power spectral density of multi-subcarrier SC-FDMA transmissions with filter F
Peak to average power ratio
Random symbols in the two constellation alphabets pi/2 BPSK and pi/4 QPSK have been generated and mapped to one or more subcarriers, and the instantaneous peak power to average power ratio (PAPR) of the transmitted samples has been measured. The 99.99% percentile of this PAPR ratio is measured, meaning that only 0.01% of the samples would have a higher PAPR. This has been performed for all subcarrier positions, assuming a contiguous subcarrier allocation for multi-subcarrier transmissions, and the maximum PAPR measure out of all positions is presented. 
Figure 9 shows the PAPR for pi/2 BPSK for the two transmit filters, with and without the 2 sample windowing and overlap method described in [4] and [5]. We see that with the windowing and overlap method, PAPR is reduced, down to <0.1 dB when the Gaussian filter G is used as transmit filter. 
[image: ]
[bookmark: _Ref434587881]Figure 9 99.99% PAPR of pi/2 BPSK, with the two filters, with and without 2 sample windowing and overlap
Figure 10 shows the PAPR for pi/4 QPSK for single- and multi-subcarrier transmission. For single-subcarrier transmission the windowing and overlap method reduces PAPR down to 0.1 dB, while the PAPR for multi-subcarrier transmission is higher. However, in the following section on cubic metric we will see that although the PAPR is high, the back-off required for multi-subcarrier transmission is limited. 
[image: ]
[bookmark: _Ref434587883]Figure 10 99.99% PAPR of pi/4 QPSK with the two filters, with and without 2 sample windowing and overlap
The results for single-subcarrier transmission are presented in Table 2, and for multi-subcarrier transmission with pi/4 QPSK in Table 3.
[bookmark: _Ref434591287]Table 2 Summary of PAPR characteristics, with and without 2 sample windowing and overlap
	PAPR [dB]
	Filter

	Modulation
	Gaussian
	Flat

	pi/2 BPSK with windowing
	0.09
	0.25

	pi/2 BPSK w/o windowing
	1.0
	0.9

	pi/4 QPSK with windowing
	0.1
	0.25

	pi/4 QPSK w/o windowing
	1.1
	1.0



[bookmark: _Ref434591291]Table 3 Summary of PAPR characteristics
	PAPR [dB]
	Number of subcarriers

	Modulation
	1
	2
	4
	8-72

	pi/2 BPSK
	0.09 - 1.0
	
	
	

	pi/4 QPSK
	0.1 - 1.1
	2.4
	5.4
	6.0-6.6



Relative Cubic Metric
It is known that PAPR is not a good indicator of how much a PA would need to back off to handle the amplitude variations of a signal. The cubic metric is a much more suitable measure [6]. The cubic metric CM is defined as 
[image: ]
where 
[image: ]
is the raw cubic metric of a signal, and where 
[image: ]
is the raw cubic metric of the WCDMA voice reference signal. 
Also  [image: ], where N is the number of samples in the signal x, and [image: ].

The denominator K is 1.56 for LTE signals [6]. The term X is related to the bandwidth of the signal. To avoid the dependence on the WCDMA voice reference signal and the bandwidth related parameter X, we will study the relative difference between the two NB-IOT uplink options, the cubic metric increase of SC-FDMA compared to GMSK:
[image: ]
where v1 is the SC-FDMA signal and v2 is the GMSK signal. 

Figure 11 shows the relative cubic metric of a single-subcarrier SC-FDMA signal. We see that the increase compared to a GMSK signal is negligible, close to 0.01 dB. We also see that the windowing and overlap method, that decreased the PAPR, has no positive effect on cubic metric. 
[image: ]
[bookmark: _Ref434592667]Figure 11 Cubic metric relative to GMSK of pi/2 BPSK with the two filters, with and without 2 sample windowing and overlap
Figure 12 shows the cubic metric increase compared to GMSK for SC-FDMA single- multi-subcarrier transmissions with pi/4 QPSK. Also with pi/4 QPSK the single-subcarrier transmission has a cubic metric increase of only 0.01 dB compared to GMSK. 
We also see that the cubic metric increase, which indicates the required PA back-off, for transmissions with as many as 32 or 72 subcarriers is limited to 2.2 dB or less. Thus, even though the PAPR for these multi-subcarrier cases is rather high, the required PA back-off to support them is very limited. 
Again it is observed that the windowing and overlap method has no positive effect on the cubic metric. 
[image: ]
[bookmark: _Ref434592668]Figure 12 Cubic metric relative to GMSK of pi/4 QPSK with the two filters, with and without 2 sample windowing and overlap
Table 4 summarizes the cubic metric increase of SC-FDMA relative to GMSK. 
[bookmark: _Ref430943320][bookmark: _Ref430943314]Table 4 Summary of SC-FDMA cubic metric increase, compared to GMSK
	Relative Cubic Metric [dB]
	Number of subcarriers

	Modulation
	1
	2
	4
	8
	16
	32
	72

	pi/2 BPSK
	0.01
	
	
	
	
	
	

	pi/4 QPSK
	0.01
	1.5
	2.0
	2.2
	2.2
	2.2
	2.1



Impact of realistic PA model
As discussed above, PAPR is not a relevant metric when determining what PA back-off is needed to support a certain modulation. In [7] it is proposed to use a model of PA impairments and compare the resulting signal to the GSM spectrum mask. Below follows an analysis of this impact.
In this section, the signal is generated at a sampling frequency of 320 ksps, with OFDM symbols of 128 samples length, with a 9 or 10 sample cyclic prefix. A windowing and overlap method is used, where 1 sample is overlapped, and the window is the coefficient 0.5. 
After this, the signal is upsampled to 1.28 Msps. The upsampling is realized by passing the signal through two stages of 2 times upsampling and lowpass filtering. The interpolation filter used in the upsampling is given in Figure 13 and Figure 14. 
[image: ]
[bookmark: _Ref435540805]Figure 13 Interpolation filter used for 2-times upsampling

[image: ]
[bookmark: _Ref435540806]Figure 14 Amplitude and phase response of the interpolation filter
Before transmission, the signal is passed through the transmit filter. In this section filter F is used as the transmit filter. 
In the figures below, only the signal position at the edge of the NB-IOT carrier is illustrated, since that is the most challenging position. Two GSM spectrum masks are shown. GSM UEs operate with 33 dBm or more transmit power, so one mask is positioned in accordance with that, to show in what scenarios the SC-FDMA NB-IOT signal would fulfil the same requirement as a GSM UE. Another mask is also shown, the GSM mask, but adjusted as if the GSM UE would have used 23 dBm output power, the output power envisioned for a majority of the NB-IOT UEs.
In Figure 15 and Figure 16 we see the signal spectrum characteristics of pi/2 BPSK and pi/4 QPSK single-subcarrier SC-FDMA signals. We see that also when a realistic PA model is used, and the signal is generated at low sampling rate and upsampled before transmission, the signal fulfills the GSM spectrum mask. Compared to the 33 dBm GSM spectrum mask the margin is bigger than 11 dB.
[image: ]
[bookmark: _Ref435543335]Figure 15 Power spectral density of single-subcarrier SC-FDMA pi/2 BPSK transmission without PA back-off
[image: ]
[bookmark: _Ref435543336]Figure 16 Power spectral density of single-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off
Figure 17, Figure 18 and Figure 19 shows that for multi-subcarrier transmissions of 2 to 6 subcarriers, the SC-FDMA pi/4 QPSK transmission fulfills the 33 dBm GSM spectrum mask with 10 dB or more margin, without any PA back-off. 

[image: ]
[bookmark: _Ref435543337]Figure 17 Power spectral density of 2-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off

[image: ]
[bookmark: _Ref435543338]Figure 18 Power spectral density of 4-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off
[image: ]
[bookmark: _Ref435543340]Figure 19 Power spectral density of 6-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off
Figure 20, Figure 21, and Figure 22 shows that a SC-FDMA signal of 8-24 tones also fulfills the GSM  spectrum mask without PA back-off.

[image: ]
[bookmark: _Ref435543341]Figure 20 Power spectral density of 8-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off

[image: ]
[bookmark: _Ref435543342]Figure 21 Power spectral density of 16-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off

[image: ]
[bookmark: _Ref435543343]Figure 22 Power spectral density of 24-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off
Figure 23 shows that with 32-subcarrier transmission the GSM spectrum mask is not fulfilled. However, Figure 24 shows that with a 2.0 dB back-off the signal is again below the mask. Thus, a 2.0 dB back-off may be needed for 32-subcarrier transmission. 
[image: ]
[bookmark: _Ref435543344]Figure 23 Power spectral density of 32-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off
[image: ]
[bookmark: _Ref435544633]Figure 24 Power spectral density of 32-subcarrier SC-FDMA pi/4 QPSK transmission with 2.0 dB PA back-off
 Figure 25, Figure 26, Figure 27, and Figure 28 show that with transmissions of 64 or 72 subcarriers the signal needs to be backed off 5.1-5.3 dB to fulfill the GSM spectrum mask. 

[image: ]
[bookmark: _Ref435543346]Figure 25 Power spectral density of 64-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off
[image: ]
[bookmark: _Ref435544634]Figure 26 Power spectral density of 64-subcarrier SC-FDMA pi/4 QPSK transmission with 5.3 dB PA back-off

[image: ]
[bookmark: _Ref435543348]Figure 27 Power spectral density of 72-subcarrier SC-FDMA pi/4 QPSK transmission without PA back-off
[image: ]
[bookmark: _Ref435544635]Figure 28 Power spectral density of 72-subcarrier SC-FDMA pi/4 QPSK transmission with 5.1 dB PA back-off

Table 5 summarizes the results. We see that with the proposed model of a realistic PA in [7], SC-FDMA can fulfill the GSM spectrum mask for transmissions with up to 24 subcarriers without any PA back-off. For up to 6 subcarrier-transmission we see that the margin is 10 dB or more. 
[bookmark: _Ref435543714]Table 5 Summary of the margin to the 33 dBm GSM spectrum mask for SC-FDMA transmissions
	Margin to 33 dBm GSM spectrum mask [dB]
	Number of subcarriers

	Modulation
	1
	2
	4
	6
	8
	16
	24
	32
	64
	72

	pi/2 BPSK
	11.8
	
	
	
	
	
	
	
	
	

	pi/4 QPSK
	13.8
	13.4
	11.3
	10.0
	9.2
	4.5
	0.1
	no margin
	no margin
	no margin



Table 6 shows the required PA back-off to fulfil the 33 dBm GSM spectrum mask. We see that transmission of up to 24 subcarriers requires no back-off. For 32 subcarriers 2.0 dB back-off is needed, and for 64-72 subcarrier-transmission 5.1-5.3 dB back-off could be required. 
[bookmark: _Ref435544921]Table 6 Summary of the back-off required to fulfill the GSM spectrum mask for SC-FDMA transmissions
	PA back-off [dB]
	Number of subcarriers

	Modulation
	1
	2
	4
	6
	8
	16
	24
	32
	64
	72

	pi/2 BPSK
	0
	
	
	
	
	
	
	
	
	

	pi/4 QPSK
	0
	0
	0
	0
	0
	0
	0
	2.0
	5.3
	5.1



Conclusions
Observation 1: SC-FDMA allows power efficient PA operation and integration with single subcarrier transmission since the relative cubic metric increase compared to GMSK is negligible (0.01 dB), and PAPR is less than 0.1 dB.
Observation 2: The relative cubic metric for multi-subcarrier transmission with SC-FDMA and pi/4 QPSK, even with as many subcarriers as 72, is limited to 2.2 dB, which allows multi-subcarrier transmission for most UE locations, reducing the transmission time and thus the power consumption.
Observation 3: With the impact of a realistic PA, SC-FDMA can fulfill the GSM spectrum mask for transmissions with up to 24 subcarriers without any PA back-off. 
Observation 4: With the impact of a realistic PA, we see that SC-FDMA can fulfill the GSM spectrum mask for transmissions with up to 6 subcarriers with 10 dB or more margin.
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