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[bookmark: _Ref421460494]At RAN#69 a new work item on narrowband IoT (NB-IOT) was agreed [1]. A technical evaluation for the solutions outlined from [1] strives for a single solution / down-selection, and the decision will be performed by RAN #70 on the basis of RAN1 evaluation. 
· OFDMA on the downlink. Two numerology options will be considered for inclusion: 
· 15 kHz sub-carrier spacing (with normal or extended CP) and 
· 3.75 kHz sub-carrier spacing. 
· For the uplink, 	two options will be considered: 
· FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and 
· SC-FDMA (including single-tone transmission as a special case of SC-FDMA) 
In this document we continue the evaluations of the NB-IoT UL access based on single tone and multi tone SC-FDMA. As the main intent of the work is on enabling introduction of low cost, low data rate terminals for IoT with extended coverage, we focus in this paper on the single tone SC-FDMA with pi/2-BPSK. We evaluate methods for meeting the power spectral density limitations set by the GSM mask (reference), together with peak to average power ratio (PAPR) performance and signal quality. We also evaluate pi/4-QPSK and multi tone transmission.
It should be noted that the methods described in this document are used only for evaluation purposes and it is not intended to restrict implementation.
UL transmit signal pulse shaping and windowing

To facilitate use of power efficient PA’s, it is desirable to achieve low PAPR. Several different techniques can be used to reduce the PAPR of transmitted signal. In the two modulations considered, pi/2-BPSK and pi/4-QPSK, the constellation rotation is applied in every symbol to reduce the PARP by smoothening the transitions between constellation points. Naturally due to introduction of CP to the signal this is not fully preserved. PAPR can be further reduced by applying windowing to the transmitted symbols. In addition signal filtering/pulse shaping can be used to limit the power spectral density of the signal outside the desired bandwidth. However the applied filtering may lead to larger variations in the signal envelope, giving increase to PAPR. In this section we present the filtering and windowing applied to the transmitted signal to limit the spectrum and reduce the magnitude variations.
It should be noted that when single tone transmission is considered, there signal can be generated without the IFFT/FFT structure typically considered in SC-FDMA, but in these simulations FFT was used in signal generation. We have also assumed sampling rate of 1.28MHz e.g. 4 times oversampling, to generate the results. 

Windowing and overlapping
Symmetric windowing with 6 sample overlap is applied to the signal. Thus the symbol length is kept unchanged (128+9 samples), leading to the aforementioned 1.5 sample overlap in non-oversampled domain. The weights for the windowing are based on the quarter-wave of sinusoid. In single-tone transmission, this results in constant envelope during the window overlap. This can be interpreted as a variant of MSK modulation. However, further filtering may increase the PAPR slightly. 
 

Filtering
Simple, 9-tap realization of the root-raised-cosine with roll-factor of 0.1 is used as a transmit filter (e.g. 2¼ sample in non-oversampled domain). This filter provides sufficient spectral shaping to ensure that the power spectral density falls with-in the limits of GSM spectrum mask. The filter was not rigorously optimized and same filter was considered for all cases considered in next section e.g. no optimisations were done for single tone case.
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Figure 2.  Illustration of used filter taps

UL PAPR and spectrum for single tone SC-FDMA with pi/2-BPSK
In this section we show the evaluation results for the PAPR and spectrum mask for the pi/2-BPSK. Random symbols have been generated from the modulation constellation and after CP and filtering are applied, the PAPR is calculated. In addition spectrum mask is plotted while assuming different PA structures. Three different assumptions were taken in the spectrum mask evaluation; linear PA, hard-limited PA and constant-envelope PA. In hard-limiting PA the signal was saturated at measured RMS-amplitude. In constant-envelope PA model the amplification removes all signal magnitude variations.
Firstly the transmitted signal characteristics were evaluated assuming linear PA model. Table 1 summarises the PAPR results using the windowing and filtering described in Section 2.  As can be seen the PAPR achieved with the described modulation is relatively low. The magnitude variations, leading to the PAPR are illustrated in Figure 2. As can be seen the signal magnitude variations are focused around the symbol borders. The spectrum of the signal together with the GSM mask is shown in Figure 3, with two measurement bandwidths, with 1kHz and 30kHz, for centre and edge sub-carrier allocations. From these figures we can see that the targeted spectrum mask can be met. 
It is good to note that the GSM mask given in [6] assumes 30kHz measurement bandwidth for the centre part of the mask (≤1800kHz offset) and the 1kHz is shown only for illustration purposes. Additionally the reference for the maximum allowed level (dB) is relative to a measurement in 30 kHz on the carrier in [6]. In context of GSM mask this would refer to the GSM transmit power (e.g. 33dBm). The final decision how the transmit mask is defined for NB-IoT is of course to be defined in RAN4 at latter stage, but in the figures presented in this paper the mask is positioned relative to a measurement in 30kHz on of the NB-IoT signal. This results that the mask shown in the figures is tighter than if the reference level would be set according to the GSM TX power level[footnoteRef:1]. [1:  Using GSM with 33dBm transmit power as reference would result relaxing the mask by 3.6dB compared to currently shown in figures.] 


Table 1. PAPR for pi/2-BPSK with single tone SC-FDMA
	
	PAPR 

	Complementary CDF
	99%
	99.9%

	pi/2-BPSK, single tone
	0.11 dB
	0.47 dB
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Figure 2.  Single tone SC-FDMA pi/2-BPSK signal magnitude variations after the filtering and windowing
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Figure 3.  Power spectrum for pi/2-BPSK assuming single tone SC-FDMA with (a) centre and (b) edge allocation with linear PA

As the previous results with linear PA indicated that the PAPR is low and magnitude fluctuations focus at the symbol borders (see Fig. 2), further evaluation was carried out with hard-saturating PA e.g. simple limiter. As can be seen from Figure 4 the resulted spectrum can still meet the GSM mask. Due to the limiter behaviour, signal level is mostly constant and varies only in known locations between symbols. This known signal behaviour could be used to simplify the transmitter design, possibly removing need to implement envelope detector.
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Figure 4.  Power spectrum for pi/2-BPSK assuming single tone SC-FDMA with hard-saturating PA with (a) centre and (b) edge allocation

In order to allow further simplifications in the transmitter design and fully optimize the PA, implications of assuming constant-envelope PA to the spectrum was also evaluated. The resulting spectrum can be seen in Figure 5. It can be seen that the GSM spectrum mask can still be met.
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Figure 5.  Power spectrum for pi/2-BPSK assuming single tone SC-FDMA with constant envelope PA with (a) centre and (b) edge allocation

Observation 1: Single tone SC-FDMA transmission and pi/2-BPSK allows the use of low complexity transmitter chains architectures and also achieving very good PA efficiency

UL PAPR and spectrum for single tone SC-FDMA with pi/4-QPSK
In this section we show the evaluation results for the PAPR and spectrum mask for the pi/4-QPSK. As in Section 3, random symbols have been generated from the modulation constellation and CP, windowing and filtering applied. 
As in previous section, first the transmitted signal characteristics were evaluated assuming linear PA model. Table 2 summarises the PAPR results using the windowing and filtering described in Section 2. Furthermore spectrum mask results are shown for the same PA models as in Section 3, in Figures 6, 7 and 8. It can be seen that the GSM mask can be met with all assumed PA models. At edge allocation for constant-envelope PA (in Fig. 8b) the margin is reduced, but still within the limit. As noted in Section 2, the filtering was not rigorously optimized and it could be further improved to meet the mask with larger margin.
Observation 2: Single tone SC-FDMA transmission and pi/4-QPSK allows use of low complexity transmitter chains architectures and also achieving very good PA efficiency.


Table 2. PAPR for pi/4-QPSK with single tone SC-FDMA
	
	PAPR

	Complementary CDF
	99%
	99.9%

	pi/4-QPSK, single tone
	0.13 dB
	2.5 dB
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Figure 6.  Power spectrum for pi/4-QPSK assuming single tone SC-FDMA with (a) centre and (b) edge allocation with linear PA
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Figure 7.  Power spectrum for pi/4-QPSK assuming single tone SC-FDMA with hard-limiting PA at (a) centre and (b) edge allocation
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Figure 8.  Power spectrum for pi/4-QPSK assuming single tone SC-FDMA with constant-envelope PA at (a) centre and (b) edge allocation


UL PAPR and spectrum for multi tone SC-FDMA with pi/2-BPSK
In this section we show the evaluation results for the PAPR and spectrum mask for the pi/2-BPSK assuming multi-tone SC-FDMA transmission. As in Section 3, random symbols have been generated from the modulation constellation for each tone and CP, windowing and filtering applied. Evaluation was focused on the more stringent edge allocation.
Table 3 summarises the PAPR results for different number of tones using the windowing and filtering described in Section 2. As could be anticipated more complex signal constellation is visible in PAPR. Furthermore spectrum mask results are shown for the same PA models as in Section 3, in Figures 9, 10 and 11. It can be seen that the GSM mask can be met with hard-liming PA, while the spectrum regrowth caused by the constant-envelope PA leads to signal mask exceeding the GSM spectrum mask. This could be alleviated either by modifying the pulse shaping applied, or tolerating some back off in case of multitoned transmission. Also like noted in Section 3 the reference level used for the mask is based on the NB-IoT signal, and changing reference to GSM power level would remove or reduce the overshoot depending on the case.
Observation 3: Multi tone SC-FDMA transmission and pi/2-BPSK allows use of simple transmitter chains architectures and also achieving good PA efficiency.


Table 3. PAPR for pi/2-BPSK with multitone SC-FDMA
	
	PAPR

	Complementary CDF
	99%
	99.9%

	2-tones
	3.01 dB
	3.28 dB

	4-tones
	1.72 dB
	2.96 dB

	8-tone
	2.02 dB
	2.87 dB
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Figure 9.  Power spectrum for pi/2-BPSK assuming multi tone SC-FDMA with (a) 2-, (b) 4- and (c) 8-tones with linear PA
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Figure 10.  Power spectrum for pi/2-BPSK assuming multi tone SC-FDMA with hard-limiting PA (a) 2-, (b) 4- and (c) 8-tones
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Figure 11.  Power spectrum for pi/2-BPSK assuming multi tone SC-FDMA with constant envelope PA (a) 2-, (b) 4- and (c) 8-tones


Conclusions
In this contribution we have shown that single tone SC-FDMA and pi/2-BPSK combined with filtering/windowing, we can meet the GSM spectrum mask and have also have PA design with high efficiency, supporting also low complexity transmitter architecture.  Efficient transmission is also possible in case of SC-FDMA multi tone transmission and also for pi/4-QPSK.
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Annex A Multi tone transmission assuming TPSK
In this Annex we show additional results assuming special case of single tone transmission, where a group of tones is allocated to the UE and the information bits define the transmitted tone (among allocated) and the transmitted symbol. Table 4 summaries the resulted PAPR for different number of allocated tones. Correspondingly spectrum masks of the transmitted signal are show in Figures 12, 13 and 14 for pi/2-BPSK  (2-,4- and 8-tones) and pi/4-QPSK (2-tones) As the transmission scheme is basically a single tone transmission the spectrum and PAPR are well contained. Naturally as the number of tones is increased, resulting larger change at the symbol border, this becomes visible in the PAPR. 
Table 4. PAPR for pi/4-BPSK with multitone TPSK
	
	PAPR

	Complementary CDF
	99%
	99.9%

	2-tones pi/2-BPSK
	0.08 dB
	0.9 dB

	4-tones pi/2-BPSK
	0.11 dB
	1.74 dB

	8-tones pi/2-BPSK
	0.11 dB
	2.51 dB

	2-tones pi/4-QPSK
	0,1 dB
	2.28 dB
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Figure 12.  Power spectrum for pi/2-BPSK assuming TPSK with (a) 2-, (b) 4- and (c) 8-tones
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Figure 13.  Power spectrum for pi/2-BPSK assuming TPSK with hard-limiting PA (a) 2-, (b) 4- and (c) 8-tones
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Figure 14.  Power spectrum for pi/2-BPSK assuming TPSK with constant envelope PA (a) 2-, (b) 4- and (c) 8-tones
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Figure 15.  Power spectrum for pi/4-QPSK assuming TPSK with 2-tones and (a) linear, (b) hard-limited and (c) constant-envelope[footnoteRef:2] [2:  Please note that there is a mistake in figure headings, stating (2,2)-TPSK, while it should be (2,4)-TPSK] 
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