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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
In this contribution, we present the spectral characteristics, relative cubic metric, and performance with a PA model, of the NB-IoT uplink.
NB-IoT uplink
The NB-IoT uplink is based on SC-FDMA and has two subcarrier spacing options: 15 kHz for single-tone and multi-tone transmissions, and 3.75 kHz for single-tone transmissions only. 
Uplink Modulation
Two modulation options considered for the NB-IoT 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. In general, this would allow 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 relative cubic metric compared to GMSK, and the performance with a PA model, of NB-IoT uplink with SC-FDMA and a subcarrier spacing of 15 kHz. 
Transmitter
It is assumed that the transmitter generates OFDM symbols of 128 samples length, before concatenating them with a cyclic prefix of 9 samples (10 samples for every seventh symbol). These samples are then filtered with a transmit filter, and transmitted at a sample rate of 1.92 MHz.
Windowing and overlap
When concatenating the OFDM symbols, the windowing and overlap method in [2] is used to further smoothen the transmissions between the constellation points. A two sample overlap is used when concatenating the OFDM symbols. The window is a quarter-wave-sine window [3] and has the coefficients [1/2, sqrt(3)/2, 1, 1, …, 1, sqrt(3)/2, 1/2]. 

Transmit filter
The transmit filter used in this evaluation is illustrated in Figure 1, and Table 1 gives the coefficients for the filter.
[image: ]
[bookmark: _Ref439955115]Figure 1 The transmit filter, a 22-tap FIR filter

[bookmark: _Ref435544919]Table 1 Filter coefficients for the transmit filter
	Transmit filter coefficients

	1
	2
	3
	4
	5
	6

	-0,03175
	-0,04683
	-0,03876
	0,0373
	0,224437
	0,550831

	7
	8
	9
	10
	11
	12

	1,012177
	1,5617
	2,114008
	2,564381
	2,817824
	2,817824

	13
	14
	15
	16
	17
	18

	2,564381
	2,114008
	1,5617
	1,012177
	0,550831
	0,224437

	19
	20
	21
	22
	
	

	0,0373
	-0,03876
	-0,04683
	-0,03175
	
	



Spectral characteristics
The NB-IoT uplink signal can be composed of 1-12 15 kHz subcarriers within the 180 kHz bandwidth. The power spectral density (PSD) of a 12-subcarrier, or 12-tone, transmission is shown for in Figure 2. 
The transmitted signals have 23 dBm power in all figures, except when a PA back-off is used. In GSM the UEs have at least 33 dBm maximum output power, and the interference is controlled by ensuring that the transmissions are contained within a spectral emission mask set according to the maximum transmit power. Since NB-IoT UEs will typically transmit with 23 dBm output power, two spectral emission masks are used in the evaluations in this contribution: The “33 dBm GSM mask” corresponding to the mask requirements that a GSM UE would fulfill, and the “23 dBm GSM mask” where the 33 dBm mask has been adjusted down by 10 decibels.

[image: ]
[bookmark: _Ref434586977]Figure 2 12-tone NB-IoT uplink transmission
As we see in Figure 2, the 12-tone NB-IoT transmission fulfills the GSM spectrum mask. 
Figure 3 illustrates the power spectral density of a single-subcarrier transmission of NB-IoT with 15 kHz subcarrier spacing, positioned in the leftmost, one of the middle, and the rightmost, subcarrier. The figure shows that the 15 kHz NB-IoT uplink fulfills the GSM mask also with single-subcarrier transmission. 
[image: ]
[bookmark: _Ref434587166]Figure 3 Power spectral density of single 15 kHz subcarrier NB-IoT uplink transmission at subcarrier offsets 0, 5, and 11. The figure represents both BPSK and QPSK modulation.
In Figure 4 multi-tone transmissions are shown. The curves represent both BPSK and QPSK modulation. In all cases the transmissions fulfil the GSM spectrum mask.
[image: ]
[bookmark: _Ref434587169]Figure 4 Power spectral density of multi-tone NB-IoT 15 uplink transmissions
Observation 1: NB-IOT with 15 kHz subcarrier spacing easily fulfills the GSM spectral emission mask requirements with an ideal power amplifier.
Relative Cubic Metric
The cubic metric, relative to that of GMSK, is calculated for different NB-IoT uplink signal configurations. 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 [4]. 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 NB-IOT uplink signal and a GMSK signal such as the one used in GSM:
[image: ]
where v1 is the SC-FDMA signal and v2 is the GMSK signal. 
Figure 5 shows the relative cubic metric of a single-tone NB-IoT uplink signal. We see that the increase compared to a GMSK signal is small, 0.1-0.2 dB. 
[image: ]
[bookmark: _Ref434592667]Figure 5 Cubic metric relative to GMSK of single-tone BPSK, without constellation rotation, and with pi/2 radians (90 degrees) rotation
Figure 6 shows the cubic metric increase compared to GMSK for NB-IoT single- and multi-tone transmissions with QPSK. The leftmost bar represents pi/4 QPSK, the other bars represent unrotated QPSK with varying number of tones.
We see that the cubic metric increases with number of subcarriers. However, the increase is limited to 2.2 dB or less. 
[image: ]
[bookmark: _Ref434592668]Figure 6 Cubic metric relative to GMSK of multi-tone QPSK transmission. The leftmost bar represents pi/4 QPSK, the rest represent unrotated QPSK with varying number of tones.
Table 2 summarizes the cubic metric increase of NB-IoT uplink with 15 kHz subcarrier spacing, relative to a constant-envelope signal such as GMSK. 
[bookmark: _Ref430943320][bookmark: _Ref430943314]Table 2 Summary of cubic metric increase, compared to GMSK
	Relative Cubic Metric [dB]
	Number of subcarriers

	Modulation
	1
	2
	3
	4
	6
	8
	12

	BPSK
	0.1
	
	
	
	
	
	

	QPSK
	0.1
	1.6
	1.9
	2.1
	2.1
	2.2
	2.1



Observation 2: NB-IOT UL with 15 kHz subcarrier spacing has a cubic metric close to that of GMSK for single-tone transmissions, and only 2.1 dB higher for 12-tone transmission.
Impact of PA impairment model
In [5] a model of PA impairments is suggested, however it is unclear if the model is based on any existing power amplifier. Below follows an analysis of the impact of applying this particular model. 
Single-tone transmission
In Figure 7 we see the signal spectrum characteristics of pi/2 BPSK single-subcarrier NB-IoT transmissions at different subcarrier positions. We see that when the PA model in [5] is applied, the transmission fufills the 33 dBm GSM spectrum mask requirements, but not the 23 dBm mask. 
[image: ]
[bookmark: _Ref435543335]Figure 7 Power spectral density of single-subcarrier pi/2 BPSK transmission with PA model from [5] and no PA back-off
Figure 8 shows that if a 2.3 dB back-off is applied, the signal fulfills both masks at all subcarrier positions. The figure also indicates that subcarriers that are not at the edge could use a lower back-off and still fulfil the 23 dBm GSM mask. 

[image: ]
[bookmark: _Ref435543336]Figure 8 Power spectral density of single-subcarrier pi/2 BPSK transmission with PA model from [5] and a 2.3 dB back-off
Optimized rotated BPSK
In Figure 9 single-tone BPSK transmission without back-off is used, but the rotation is neither 0 nor pi/2. Instead a separate rotation setting is used for each subcarrier position. A search for the rotation that maximizes the margin to the GSM spectrum mask has been performed, and the settings are presented in Table 3. 
 
[image: ]
[bookmark: _Ref435543337]Figure 9 Power spectral density of single-subcarrier pi/2 BPSK transmission with PA model from [5], without back-off, and with optimized modulation constellation rotation, according to Table 3.
[bookmark: _Ref439952674]Table 3 Modulation constellation rotations optimized for the PA model in [5] to fulfil the 23 dBm GSM spectrum mask with single-tone pi/2 BPSK
	Modulation constellation rotation for each subcarrier offset (degrees)

	1
	2
	3
	4
	5
	6

	3.0
	11.1
	36.1
	42.8
	59.5
	74.4

	7
	8
	9
	10
	11
	12

	89.7
	105.7
	137.4
	154.5
	173.1
	0.1



In NB-IoT uplink no subcarrier is centered at the DC frequency. This means that in baseband the signal rotates in the complex plane, and the speed and direction of the rotation is determined by the subcarrier offset. Each OFDM symbol is further extended by the cyclic prefix, so the final symbol is somewhat longer than an integer number of rotations. Because of this, the transitions between pi/2 BPSK symbols is not pi/2 radians or 90 degrees, but depends on the subcarrier position and the cyclic prefix length, which motivates subcarrier position dependent modulation constellation rotation.
The PA model in [5] includes a significant phase distortion, and at symbol transitions this distortion changes since the amplitude of the input signal changes. Because of this, the rotations presented in Table 3 are optimized for, and partly compensate, the particular phase distortion model used in [5], and another PA model or real PA would benefit from another set of rotations. 
Figure 10 illustrates the back-off required to fulfill the 33 dBm and 23 dBm GSM spectrum mask requirements for the different BPSK rotation settings.
[image: ]
[bookmark: _Ref435543338]Figure 10 The back-off required to fulfil the GSM spectrum mask with the PA model in [5] for single-tone BPSK with different constellation rotations
Multi-tone transmission
Figure 11 shows the back-off required with the PA model in [5] to fulfill the 33 dBm and 23 dBm GSM spectrum masks for QPSK transmissions with 1-12 tones.
[image: ]
[bookmark: _Ref435543340]Figure 11 The back-off required to fulfil the GSM spectrum mask with the PA model in [5] for QPSK with different number of subcarriers. The leftmost bar corresponds to pi/4 QPSK, the rest to unrotated QPSK.
Table 4 presents the back-off required to meet the 33 dBm mask with the PA model in [5] for single- and multi-tone QPSK, and single-tone BPSK. 
[bookmark: _Ref439969695]Table 4 Summary of the back-off required to fulfil the 33 dBm GSM mask with the PA model in [5]. 
	
	PA back-off

	Number of subcarriers
	1
	2
	3
	4
	6
	8
	12

	pi/2 BPSK
	0
	
	
	
	
	
	

	BPSK with rotation optimized for PA model in [5]
	0
	
	
	
	
	
	

	QPSK
	0
	0.1
	0.4
	1.0
	2.1
	3.2
	4.3



Observation 3: With the impairments of the PA model suggested in [5], NB-IoT UL can fulfill the 33 dBm GSM spectrum mask without back-off for single-tone transmissions, and with limited back-off for multi-tone transmissions.
Table 5 presents the corresponding results for the 23 dBm GSM mask.
[bookmark: _Ref439968731]Table 5 Summary of the back-off required to fulfil the 23 dBm GSM mask with the PA model in [5]. 
	
	PA back-off

	Number of subcarriers
	1
	2
	3
	4
	6
	8
	12

	pi/2 BPSK
	2.3
	
	
	
	
	
	

	BPSK with rotation optimized for PA model in [5]
	0
	
	
	
	
	
	

	QPSK
	2.2
	2.5
	2.9
	3.5
	4.5
	5.5
	5.8



Observation 4: With the impairments of the PA model suggested in [5], NB-IoT UL can fulfill the 23 dBm GSM spectrum mask with 15 kHz single-tone transmission without back-off with optimized modulation rotation parameters. Without such rotation optimization a back-off of around 2 dB is required for single-tone transmission, at least for edge subcarriers, and an additional 0.3-3.6 dB back-off for multi-tone transmission.
The EVM due to the transmit processing, including filtering and the PA model in [5], is less than or equal to 14.1% in all cases. 
Conclusions
Observation 1: NB-IOT with 15 kHz subcarrier spacing easily fulfills the GSM spectral emission mask requirements with an ideal power amplifier.
Observation 2: NB-IOT UL with 15 kHz subcarrier spacing has a cubic metric close to that of GMSK for single-tone transmissions, and only 2.1 dB higher for 12-tone transmission.
Observation 3: With the impairments of the PA model suggested in [5], NB-IoT UL can fulfill the 33 dBm GSM spectrum mask without back-off for single-tone transmissions, and with limited back-off for multi-tone transmissions.
Observation 4: With the impairments of the PA model suggested in [5], NB-IoT UL can fulfill the 23 dBm GSM spectrum mask with 15 kHz single-tone transmission without back-off with optimized modulation rotation parameters. Without such rotation optimization a back-off of around 2 dB is required for single-tone transmission, at least for edge subcarriers, and an additional 0.3-3.6 dB back-off for multi-tone transmission.
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