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1 Introduction
3GPP TSG RAN has agreed a new Work Item (WI), named narrowband IoT (NB-IoT) [1] to carry out the normative work during Release 13. The objective is to specify a radio access technology 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. 
More recently, the work item has been revised to include more details [2]. For NB-IoT uplink, it is specified as below.  

· Single tone transmissions are supported. Two numerologies should be configurable by the network for single-tone transmission: 3.75 kHz and 15 kHz. A cyclic prefix is inserted. Frequency domain sinc pulse-shaping in the physical layer description.

· Multi-tone transmissions are supported, based on SC-FDMA with 15 kHz UL subcarrier spacing.

· FFS: Additional mechanisms for PAPR reduction.

· The UE shall indicate the support single-tone and/or multi-tone, details to be discussed by RAN WGs
In this document, we evaluate several candidate modulation schemes, including /2-BPSK, /4-QPSK, TPSK, and 8-BPSK, in terms of PAPR and cubic metric (CM). In addition, we use a realistic power amplifier (PA) model to evaluate transmit spectral characteristics, EVM, and effective transmit power. 
2 Evaluation Methodology
With a realistic PA, different modulations may allow different maximal transmit power levels and hence different power efficiency. It is therefore important to evaluate the PAPR and spectral characteristics of NB-IoT UL modulations. Several candidate modulation schemes with low PAPR have been proposed for NB-IoT UL, such as /2-BPSK,/4-QPSK, TPSK [3] [4], 8-BPSK [6]. In this document, we evaluate the PAPR, CM, and maximal transmit power with a realistic PA model of the aforementioned modulation schemes. 

2.1 Transmitter Model

The UL transmitter model used for this study is depicted in Figure 1. As can be seen, after IFFT and CP insertion, the signal at sampling rate 1.92 M samples/s passes sequentially through an overlap-and-windowing function, a transmit filter, a gain adaptor, and at last a PA. 
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Figure 1 Transmit model under evaluation.

The effective transmit power at PA output is measured as the power at PA output less the power of the error vector.

Below some of the function blocks are described.

2.1.1 Windowing and overlap 

The windowing and overlap function is described in [4] with window size 3 and overlapping size 2. The weights are generated from a Tukey window with w=[ 0.1464, 0.5, 0.8536]. 
2.1.2 Transmit Filter

The transmit filter used is 22-tap FIR filter with frequency response as shown in Figure 2. The filter is generated with Matlab function as firls(21, [0 100  260  960]/960,[1 1  0 0],[1   10]). 

This filter is very close to the filter described in [6], which has been shown to cause negligible inter-symbol interference in NB-IoT downlink with 15 kHz tone spacing and a longer receive filter.

[image: image2.emf]0 5 10 15 20 25

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Tap


Figure 2 IR of the Transmit Filter.

2.1.3 PA Model

The RAPP PA model [7] that has been used in both 802.11 and 802.16 [8] for evaluating OFDM modulations is used here. The RAPP model is a fair representation of current solid state PAs and easy to use. It does not include AM/PM conversion for the effects of AM/PM of current linear amplifiers on emission are negligible as compared to AM/AM conversion. Compared to the model proposed in [9], the RAPP model provides a smoother transition between linear and nonlinear region.
The RAPP AM/AM model can be described as
y(|x|)=|x|/(1+|x/c|2s)1/2s
where c is the output saturation amplitude and s is the smooth factor in the range 2 to 3 for typical realistic PAs. In this study, s=2 as suggested in [8] and c is the amplitude corresponding to 23 dBm output power. 

Note with 23 dBm saturation power and s=2, the output power at 1-dB compression point is 21.8 dBm.

3 Simulation Results

In this study, only 15 kHz tone spacing is considered. Unless specified otherwise, a contiguous of N tones starting from 0, i.e., the leftmost tone, are allocated for N-tone transmission.
3.1 PAPR and CM

The PAPR and CM relative to GMSK with slope factor 1.56 [10] are compared in Table 1.

Table 1 PAPR and CM of different modulation formats.

	Modulation
	1-tone /2-BPSK
	(2,2) TPSK
	2-tone /4-QPSK
	(4,8) TPSK
	4-tone /4-QPSK
	(8,8) TPSK
	8-tone /4-QPSK
	12-tone 8BPSK
	12-tone /4-QPSK

	PAPR (dB)
	0.2
	0.3
	2.6
	0.6
	5.5
	0.8
	6.3
	1.5
	6.4

	Relative CM (dB)
	0.1
	0.1
	1.7
	0.2
	2.2
	0.2
	2.3
	0.2
	2.4


From the table, we can see

· Single-tone /2-BPSK, TPSK and 8BPSK all have very small PAPR and CM. All of them have relative CM less than 0.2 dB.
· Multi-tone /4-QPSK have non-negligible PAPR and CM. The PAPR and CM increases as the number of tones increases. The relative CM of /4-QPSK is about 1.7 dB when the number of tones is 2 and 2.4 dB when the number of tones is 12.

The results obtained here for /4-QPSK are close to that obtained in [10]. 

3.2 Effective Transmit Power In Standalone
In standalone operation, the emission is expected to meet or closely meet GSM mask. The GSM mask is defined as attenuation relative to in-band power level of GMSK signal. For NB-IoT, the UL signal bandwidth changes as the number of allocated tones changes. For N tones with 15 kHz tone spacing, the average in-band PSD is PSD0=23 -10*log10(N*15e3) dBm/Hz, as such, the PSD mask according to GSM mask definition is


PSD (f) = PSD0+x(f)
(1)
with x(f) defined as in Table a) of Sec. 4.2.1 of TS 145005. The mask defined in the above equation will be used in this study and will be called the mask adjusted to UE total output power (23 dBm) over UE transmission bandwidth, or simply mask adjusted to signal bandwidth. 
Recognizing that neither PAPR nor EVM can accurately predict effective transmit power under a given emission requirement, we simulate actual signal emission after the RAPP PA model. To find the EVM and the effective transmit power with a RAPP PA model with saturation power 23 dBm, the input gain, g, as shown in Figure 1 was decreased, starting from +3 dB, till the transmit PSD meets the GSM mask adjusted to the signal bandwidth given by (1).
In Table 2, the EVM and the effective transmit power levels several modulation schemes are listed.

Table 2 EVM and effective transmit power of different modulation formats.

	Modulation
	1-tone /2-BPSK
	(2,2) TPSK
	2-tone /4-QPSK
	(4,8) TPSK
	4-tone /4-QPSK
	(8,8) TPSK
	8-tone /4-QPSK
	12-tone 8BPSK
	12-tone /4-QPSK

	EVM (%)
	0.13
	0.16
	7.3
	0.30
	7.3
	0.45
	6.6
	1.5
	4.3

	Effective Transmit Power
	22.1
	22.1
	21.2
	21.9
	20.7
	21.7
	20.1
	21.5
	18.8


From the table, we can observe
· TPSK and 8BPSK provides at least 0.9 dB more effective transmit power than the /4-QPSK with same number of tones do. The gain in effective transmit power increases to 2.7 dB for 12 tones. 
· Single-tone /2-BPSK, TPSK and 8BPSK all have less than 1% EVM, whereas /4-QPSK has non-negligible EVM. 
In Figures 3 to 6, PSD after PA of (2,2)TPSK, 2-tone /4-QPSK, 12-tone 8BPSK and 12-tone /4 QPSK are shown, respectively.
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Figure 3.  (2,2)TPSK PSD after PA with effective transmit power 22.1 dBm.
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Figure 4. 2-tone /4-QPSK PSD after PA with effective transmit power =21. 2 dBm.
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Figure 5. 12-tone PSK after PA with effective transmit power =21.5 dBm.
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Figure 6. 12 tone p/4-QPSK PSD after PA with effective transmit power=18.8 dBm.
3.3 Effective Transmit Power In-Band

In in-band operation, emission needs to meet the LTE in-band emission requirements as defined in Sec 6.5.2.3 of 3GPP TS36.101 v.12. Since the LTE in-band emission is defined per PRB, 180 kHz, and is much relaxed as compared to GSM mask, larger transmit power can be potentially achieved. 

For single-tone transmission, TPSK, and 8BPSK, we have seen that less than 1% EVM can be achieved even when the RAPP PA model works at above 1-dB compression point. This suggests that it’s possible to have constant envelope and a polar PA for single-tone transmission, TPSK and 8BPSK.

In such a case, only the phase of the signal after transmit filtering is used to drive a polar PA with output power at 23 dBm. In order to meet the LTE in-band emission, it was found that the edge two tones cannot be allocated for (2,2)TPSK and (4,4)TPSK. For (8,8)TPSK, no gap to the edge is required.
In Figures 7, 8, and 9, the PSD averaged over 1 PRB of the following three constant-envelop transmission schemes are shown, respectively

· (2,2)TPSK allocated with tones 2 and 3, i.e., a gap to the edge of two tones.

· (8,8)TPSK allocated with tones 0 to 7, i.e., no gap to the edge.

· 12-tone 8BPSK.
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Figure 7 PSD averaged per PRB of (2,2)TPSK allocated with tones 2 and 3 and constant envelope.
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Figure 8  PSD averaged per PRB of (8,8)TPSK allocated with tones 0 and 7 and constant envelope.
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Figure 9 PSD averaged per PRB of 12-tone 8BPSK with constant envelope.  
The EVM levels of the three constant-envelope transmission schemes are given in Table 3. As can be seem, the EVM degradation due to constant envelop is negligible.
Table 3 EVM levels of TPSK and 8-BPSK with constant envelop

	Modulation
	(2,2)TPSK
	(8,8)TPSK
	12-tone 8BPSK

	EVM (%)
	0.10
	0.45
	2.4


For comparison, the EVM levels of p/4-QPSK modulation are listed in Table below. As can be seen, the EVM levels barely meet or fail the LTE requirement without considering any other impairments.
Table 4 EVM levels of /4-QPSK with constant envelop

	Modulation
	2-tone /4-QPSK
	4-tone /4-QPSK
	8-tone /4-QPSK
	12-tone /4-QPSK

	EVM (%)
	17.5
	15.8
	17.1
	17.6


Note that the LTE EVM requirement for QPSK is 17.5%. It is unreasonable to assume that all the EVM budget can be allowed to be consumed by the baseband signal alone.

Last, it is worthy of mentioning that in the above analysis emission within NB-IoT RF bandwidth has not been considered as it has not been specified. 

4 Summary
In this document, we have studied the PAPR, CM and the effective transmit power allowed with the RAPP PA model. The observations are summarized below

Single-tone /2-BPSK, TPSK and 8BPSK all have very small PAPR and CM. All of them have relative CM less than 0.2 dB.

 PAPR, CM, and effective transmit power of severalintroduced a new modulation scheme for SC-FDMA UL option of NB-IoT. It has been shown that

· The PAPR of 8-BPSK is 1.3 dB or lower even after aggressive transmit filtering.

· In standalone operation where GSM emission mask is required, TPSK and 8BPSK provide at least 0.9 dB more effective transmit power than the /4-QPSK with same number of tones does. The gain in effective transmit power increases to 2.7 dB for 12 tones. 

· In in-band operation, it is possible to have constant envelop and 23 dBm transmit power for single-tone transmission, TPSK and 8BPSK while still meeting LTE in-band emission requirements. 
· In all evaluations, EVM degradation due to PA is negligible for TPSK and 8BPSK.
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