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1. Introduction 
This contribution discusses modulation and waveform processing for applications requiring large coverage and power efficient communications like mMTC. The /2-BPSK, /4-QPSK and GMSK modulations are considered as well as the conventional BPSK/QPSK/16-QAM. We present PAPR (Peak to Average Power Ratio) and CM (Cubic Metric) results for various combinations of modulation, pulse shaping, and waveform smoothing filtering. Also, we compare and evaluate PAPR/CM of time domain single carrier and DFT-s-OFDM based processing. We strive to identify appropriate combinations of modulation and waveform processing suitable and robust for large coverage and low power communications.
2. Power efficient modulation and waveform processing
2.1. Modulation
For mMTC like applications, low data rates and support of small payload size are required with support of large coverage. Hence, lower order modulations like BPSK and QPSK seem preferable. Also, for UL transmissions, achieving high PA efficiency is desired to enable low-cost implementations and enhanced UL coverage. Then, it seems reasonable to first consider the modulation schemes adopted for NB-IoT, /2-BPSK and /4-QPSK. In these modulations, the constellation of the Cartesian counterpart (i.e., regular BPSK/QPSK) is rotated /2 or /4 radians every symbol by multiplying [image: image2.png]


 for /2-BPSK case and [image: image4.png]gikm/4



 for /4-QPSK, respectively, where k is the symbol index mod 2, starting from 0.

These phase rotations enable smoother transitions between constellation points, helping to decrease the PAPR/CM. By avoiding abrupt changes in the phase that causes zero-crossings, these modulation schemes can offer lower PAPR/CM compared to regular BPSK/QPSK, thereby reducing the need for a PA back-off and helping achieve better coverage. It is worth mentioning that the underlying PA model has also an overall impact on the actual output power that, in turn, determines the coverage which is a metric of interest in link-budget limited scenarios in mMTC.  

For single tone transmission, /2-BPSK and /4-QPSK were adopted for NB-IoT UL, to minimize the PA back-off for extended and extreme coverage enhancements. Single-tone /2-BPSK has very small CM and EVM and /4-QPSK has higher but still limited EVM and CM. They both have very small PAPR. /4-QPSK offers higher data-rates and better spectrum efficiency than /2-BPSK, while it may set more stringent requirements for the PA [2].
While single-carrier waveforms provide time domain symbol sequencing, and they typically have lower PAPR leading to high PA efficiency and extended battery life, more complex equalization may be needed to achieve high spectral efficiency in the presence of multipath. The constant envelope waveforms, like GMSK which is used in GSM technology and MSK used in IEEE 802.15.4 technology, form another variant of potential modulation/waveform schemes. GMSK provides small out-of-band power through good side lobe suppression compared to MSK. However, for GMSK this comes at the expense that Gaussian filter increases the modulation memory in the system and causes inter-symbol interference (ISI), making it more difficult to discriminate between different transmitted symbols and requiring more complex channel equalization algorithms such as an adaptive equalizer at the receiver. However, since it mainly aims for UL scenarios, the additional complexity at the NR TRP may not be a serious issue.
2.2. Filtering, pulse shaping and single carrier processing
The effects of transmit filtering and pulse shaping are considered along with the modulation schemes mentioned in Section 2.1. In LTE, due to the DFT precoding based generation of SC-FDMA signals in frequency domain, Sinc pulse shaping of the transmitted modulation symbols is implicitly applied. This is performed through rectangular filtering in frequency domain during the mapping from the DFT precoder to the IDFT in SC-FDMA transmitters. Pulse shaping in digital modulation transmitters results in non-constant envelope waveforms prior to converting to an analog signal, even in cases that constant envelope modulations like BPSK and QPSK are applied. However, PAPR/CM can be reduced by applying other zero-ISI pulse shaping such as raised cosine or root raised cosine filter with non-zero roll-off factor instead of Sinc pulse shaping. Actually Sinc pulse shaping is equivalent to the raised cosine pulse sharping with zero roll-off factor. A large roll-off factor makes the tail of the waveform diminish more rapidly and thus leads to less overlap among the pulses of the consecutive modulation symbols. This results in decrease in PAPR and CM as will be shown in the results in Section 3. However, there is a trade-off involved, because a larger roll-off factor leads to more excess bandwidth, thereby, sacrifices spectrum usage efficiency. Roll-off factor 1 requires 100% excess bandwidth compared to Sinc pulse shaping which is inherent in LTE UL DFT-s-OFDM transmission.
In case of /2-BPSK, additional filtering operation to smooth the symbol waveform prior to the pulse shaping can be applied as considered in [1]. This filtering exploits the /2 radian rotation at every symbol interval which results in switching between real and imaginary dimensions for consecutive symbols. Thus, a 3-tap filtering can be applied without oversampling of the symbols and does not cause interference between consecutive /2-BPSK modulation symbols because the consecutive symbols are sent on different dimensions (either real or imaginary). This is not the case for the other modulation schemes and any non-zero 3-tap filtering would cause inter-symbol interference between consecutive modulation symbols. It is noted that unless matched filtering and any other equivalent processing are applied at the receiver, the 3-tap filtering can incur an SNR penalty to /2-BPSK as symbol energy dispersed into neighbouring symbol intervals is not recovered at the receiver. 

In Section 3, time domain processing of single carrier transmission as shown in Figure 1 is evaluated in combination with various modulation schemes and pulse shaping. If the roll-off factor of the raised cosine pulse shaping is zero, this time domain single carrier processing is equivalent to LTE UL DFT-s OFDM processing. 
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Figure 1. Time domain processing of single carrier transmission.
In Figure 1, the smoothing filtering is applied only in /2-BPSK cases, but not for the other modulation schemes. The 3-tap filter coefficients (0.28, 1, 0.28) from [1] is used for the smoothing filtering, and oversampling factor N= 8 has been used for the evaluation purposes in Section 3. 
3. PAPR and CM results
This section presents and discusses PAPR/CM evaluation results for /2-BPSK, /4-QPSK, GMSK, BPSK, QPSK and 16-QAM modulations with applying the following processing to the modulation symbols:
· Pulse shaping – raised cosine (RC) or root raised cosine (RRC) with various roll-off factors

· Time domain single carrier processing vs. LTE DFT-s-OFDM based processing

· Smoothing filtering on or off (only for /2-BPSK)
Figures 1 and 2 compare PAPR for the modulation schemes with employing time domain single carrier processing. RC and RRC pulses with roll-off factor =0.5 has been applied for the results of Figures 1 and 2, respectively. Tables 1 and 2 compare CM for the cases. Some key observations are:
· /2-BPSK can reduce PAPR up to over 3dB and RC pulse shaping achieves less PAPR than RRC
· /4-QPSK shows marginal improvement in PAPR and no improvement in CM compared to QPSK

· /2-BPSK with RC pulse and =0.5 without smoothing gives 1.9 dB less PAPR and CM than GMSK
This significant reduction in PAPR and CM with /2-BPSK can be useful in applications requiring large coverage and power efficient communications. The 50% less spectrum usage of /2-BPSK compared to QPSK may not be an issue in small data and large coverage applications like mMTC.
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Figure 1. PAPR for RC pulse shaping (=0.5). 
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Figure 2. PAPR for RRC pulse shaping (=0.5).
	Modulation & filtering
	/2-BPSK,
w/o smoothing
	/2-BPSK,
w/ smoothing
	BPSK
	QPSK
	/4-QPSK
	16-QAM
	GMSK

	CM (dB)
	-0.58612
	-0.69662
	1.0447
	0.27932
	0.27977
	1.404
	1.3274


Table 1. CM for RC pulse shaping (=0.5).

	Modulation & filtering
	/2-BPSK,
w/o smoothing
	/2-BPSK,
w/ smoothing
	BPSK
	QPSK
	/4-QPSK
	16-QAM

	CM (dB)
	-0.40814
	-0.65954
	0.64473
	0.13599
	0.13585
	1.4315


Table 2. CM for RRC pulse shaping (=0.5).

Figure 3 and Table 3 show PAPR and CM for QPSK with RC pulse shaping and time domain single carrier processing. As expected, PAPR and CM decreases with an increase in the roll-off factor. The case of =0 is equivalent to LTE UL DFT-s-OFDM processing. When comparing the cases of =1 and =0, PAPR difference is significant as 6 dB, but this PAPR reduction comes at the expense of 100% excess bandwidth for =1. CM difference between the two cases is about 1 dB and may not justify the 100% excess use of the spectrum. 
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Figure 3. PAPR for QPSK with RC pulse shaping.

	Modulation & filtering
	QPSK
=0
	QPSK
=0.1
	QPSK
=0.2
	QPSK
=0.3
	QPSK
=0.4
	QPSK
=0.5
	QPSK
=0.6
	QPSK
=0.7
	QPSK
=0.8
	QPSK
=0.9
	QPSK
=1.0

	CM (dB)
	0.9485
	0.8604
	0.6970
	0.5423
	0.4023
	0.2793
	0.1750
	0.0908
	0.0275
	-0.0132
	-0.0308


Table 3. CM for QPSK with RC pulse shaping.

The PAPR and CM results shown in Figure 4 and Table 4 are for cases of DFT-s-OFDM single carrier processing. It should be noted that the QPSK PAPRs for DFT-s-OFDM (Figure 4) and time domain single carrier processing with =0 (Figure 3) are identical as expected, because both of the frequency and time domain single carrier processing equivalently apply RC pulse shaping with =0. According to the results shown in Figure 4 and Table 4 for DFT-s-OFDM processing, /2-BPSK reduces PAPR and CM by 1.8 dB and 0.8 dB, respectively, compared with QPSK. On the other hand, /4-QPSK shows marginal and no gain in PAPR and CM, compared with QPSK. It is noted that since the inherent rectangular pulse-shaping in DFT-s-OFDM dominantly deteriorates the PAPR/CM performance, further pulse shaping after the IDFT does not improve the PAPR/CM although not including the results for cleaner presentation.
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Figure 4. PAPR for DFT-s-OFDM.
	Modulation 
	/2-BPSK
	/4-QPSK
	QPSK

	CM (dB)
	0.20703
	1.0227
	1.0312


Table 4. CM for DFT-s-OFDM.

Figure 5 and Table 5 compare PAPR and CM for BPSK and /2-BPSK with RC pulse roll-off factors 0.2 and 0.5. The effect of smoothing filtering is also considered for /2-BPSK. For both 0.5 and 0.2, /2-BPSK without smoothing filtering gives about 3.1 dB less PAPR than BPSK. The /2-BPSK without smoothing filtering reduces CM by 1.5 dB and 2 dB for 0.5 and 0.2, respectively, compared with BPSK. Smoothing filtering for /2-BPSK with 0.2 further reduces the PAPR by 2.5 dB, resulting in 5.6 dB less PAPR than BPSK. With applying smoothing filtering to /2-BPSK, the 2.5 dB PAPR difference between 0.2 and 0.5 without smoothing filtering shrinks to a marginal 0.1 dB difference. As small roll-off factor is desired in terms of efficient spectrum usage and also potentially shorter pulse shaping filter length, /2-BPSK with RC pulse 0.2 and smoothing filtering seems to provide a good trade-off between PAPR/CM and spectrum usage efficiency. 
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Figure 5. PAPR for =0.2 and 0.5 w/ and w/o smoothing filtering.
	Modulation & filtering
	BPSK, =0.5
	/2-BPSK,
=0.5, 
w/o smoothing 
	/2-BPSK,
=0.5, 
w/ smoothing
	BPSK, =0.2
	/2-BPSK,
=0.2, 
w/o smoothing 
	/2-BPSK,
=0.2, 
w/ smoothing

	CM (dB)
	1.0447
	-0.58612
	-0.69662
	1.7705
	-0.21336
	-0.72144


Table 5. CM for =0.2 and 0.5 w/ and w/o smoothing filtering.
4. Conclusion 

This contribution has addressed effects of modulation and waveform processing on PAPR and CM, taking into account both time domain and DFT-s-OFDM based single carrier processing, and provided evaluations results for various combinations of modulation, pulse shaping, and waveform smoothing filtering. According to the results, /2-BPSK with non-zero roll-off pulse shaping can significantly reduce both PAPR and CM compared to QPSK and BPSK and thus can be useful in small data and large coverage applications like mMTC.  Based on the observations, we propose the following.
Proposal

· To consider and investigate /2-BPSK for both time domain and DFT-s-OFDM based single carrier processing along with non-zero roll-off pulse shaping for applications requiring large coverage and power efficient communications
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