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Introduction
In RAN1 #84b, it was agreed that a few representative test cases should be used as common platform for further comparison across several OFDM-based waveform candidates [1]. Those candidates are mostly targeted at high spectral efficiency scenarios. 
However, for certain applications that do not require high spectral efficiency, single carrier waveforms can be very attractive due to its advantages in PAPR, ACLR, modulation/demodulation complexity, etc. Those properties make the single carrier waveforms very good candidates for certain class of devices and applications requiring good coverage, battery life, as well as low cost.
In this contribution, we list a few candidates, as well as comparisons or pros and cons. The candidates include
· Single carrier QAM with selected low PAPR modulations
· Single carrier GMSK
· Single carrier FDE
· Single carrier FDM (including the zero-tail variants)
· Generalized precoded OFDMA (GPO)
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Single carrier waveforms may suffer link degradation under frequency selective channels, and typically require the use of equalizer to achieve high spectral efficiency in the presence of multipath. However, at mid-to-low spectral efficiency region, it generally suffices to use a simple matched filter.
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As mentioned before, higher orders of QAM can be used to achieve higher spectral efficiency with a single carrier waveform. The most common waveform used in 3G cellular networks (e.g. UMTS, CDMA2000, 1xEV-DO) is single carrier CDMA with QAM modulation.
Although some QAM modulation itself gives a constant amplitude waveform with 0dB PAPR, such as QPSK, In practice, they are typically followed by a time-dispersive transmit pulse shaping filter that is more localized in frequency domain, in order to reduce out of band (OOB) leakage and meet adjacent channel leakage ratio (ACLR) requirements. Figure 2‑1 illustrates the power spectral density (PSD) of single carrier QPSK modulation with and without transmit pulse shaping. Specifically, Figure 2‑1 plots the PSD for a root-raised cosine filter with rolloff factor , as used in WCDMA.
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Notice that with transmit pulse shaping, the transmitted waveform is no longer constant envelope and has >0 dB PAPR. 
Several enhancements can be applied to further reduce the PAPR, such as  –QPSK, which introduces a rotation of  between even and odd constellations and therefore eliminates any path through the origin (i.e., zero-crossings). In UMTS, HPSK scrambling is used to eliminate any path through the original between any pair of chips with index . This approach relies on the fact that a spreading factor of at least 2 is used for spreading the modulated symbols, which leads to the same spectral efficiency as BPSK. As we have shown in Figure 2‑2, both the  –QPSK and QPSK+HPSK scheme improve the PAPR compared to QPSK, but they are still >3dB at . So the question is: if high spectral efficiency is not the requirement, do we have other modulation scheme that achieve better PAPR with comparably simple transmitter and receiver implementations? In section 2.1.1 we give an example of low PAPR single carrier QAM modulation.
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Figure 2‑3 illustrates the filtered  –BPSK modulation. The concatenation of  –BPSK and the cx1 smoothing filter provides very low PAPR, almost close to constant envelope. 
Transmitter:
The output of the channel code is further spread and scrambled with user specific binary scrambling code. The user specific scrambling code enables non-orthogonal and grant-less uplink transmission from different devices. Further, in FDD deployment, the same waveform also allows the devices to have asynchronous access to the network with searcher at eNB.
Receiver:
Since the smoothing filter can be equivalently viewed as part of the channel, the receiver doesn’t need any knowledge of the smoothing filter used by the transmitter. Therefore, we can easily leverage legacy receiver, such as Rake receiver (as shown in Figure 7), frequency domain equalizer, or even successive interference cancellation (SIC). Receiver complexity is the same as regular BPSK demodulation.
Also notice that if the FIR smoothing filter is chosen to have 3 taps or less, there is no ISI between neighbouring symbols (or chips) due to the  rotation. 
PAPR:
Figure 2‑2 compares the PAPR of filtered  –BPSK to other existing low PAPR single carrier QAM modulations. All waveforms are further 8x over-sampled with RRC pulse. The reference QPSK modulation also includes a root-raised cosine pulse shaping filter (to control OOB emission).  HPSK scrambling, which is used in UMTS, can further reduces the PAPR of QPSK modulation at the cost of reducing spectral efficiency. Notice that   –BPSK gives lower PAPR than QPSK with HPSK, even without the smoothing filter. The application of the smoothing filter further reduces the PAPR to 1dB. Specifically, the smoothing filter taps used in Figure 2‑2 is set to  just as an example. Further optimization of the filter taps can be done.
The filtered  –BPSK modulation, as shown in Figure 2‑3, can support the same spectral efficiency as GMSK or BPSK (1-bit/symbol). 
ACLR:
Because of the low PAPR, the transmitted signal with Filtered  –BPSK can be pushed very aggressively to the PA saturation point to maximize PA efficiency, without causing much spectrum regrowth in OOB emission. Table 1 below compares the ACLR of various single carrier waveforms using a simplified PA clipping model [4]. All the modulations have been normalized to the same total bandwidth: . Notice that  –BPSK gives the lowest ACLR with different clipping thresholds.
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	ACLR [dB]: 5% guardband on both sides

	Waveform
	Clip at 1dB
	Clip at 2dB
	Clip at 3dB
	Linear

	SC-FDM 72 tones (with 5% WOLA)
	-25.47
	-28.36
	-31.92
	-39.02

	SC-QPSK
	-30.34
	-33.51
	-34.28
	-34.28

	Filtered  –BPSK
	-37.05
	-37.04
	-37.04
	-37.04

	GMSK
	-33.61



As a summary, the main advantages of filtered  –BPSK are:
· Much lower PAPR than regular QAM modulations (including BPSK, OQPSK, etc).
· Much lower ACLR compared to other schemes.
· Very simple tx waveform synthesis: comparable to regular BPSK synthesis without the need of using DFT or IFFT operation
· Very simple receiver design: re-use the regular BPSK demodulator. The smoothing filter applied at transmitter is transparent to the receiver.
· Can easily support asynchronous and scrambling/spreading operation.
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The simplest solution to high transmit efficiency is to employ a constant envelope waveform. This allows almost any PA to be run at saturation point without clipping or a need for pre-compensation or post-compensation to account for clipping. The drawback to this mechanism however has been the inefficiency from a capacity standpoint relative to quadrature amplitude modulation, but for the class of applications where high data rate is not required, a constant envelope waveform is more desirable since it achieves the highest PA efficiency. 
The most popular constant envelope waveforms including minimum-shift-keying (MSK) and Gaussian minimum-shift-keying (GMSK), belong to the class of continuous phase frequency-shift-keying (CPFSK) signals. MSK was adopted by the IEEE 802.15.4 standard, which provides the physical layer platform for ZigBee. GMSK is also used in GSM, Bluetooth, and BT-LE. 
It is well known that MSK can equivalently be viewed as Offset-QPSK with sinusoid pulse shaping, which provides efficient modulation and demodulation. Notice that a differential encoder is inserted before the modulator to avoid error propagation at the demodulator. This also helps to simplify the modulator, as the differential encoder and differential decoder cancel each other. 
GMSK is a variant of MSK, where a Gaussian-filtered version of the information sequence is applied to an MSK modulator. The Gaussian filter helps to increase the spectral efficiency of the MSK, with the penalty of inter-symbol interference. Note that with the introduction of Gaussian filtering, the GMSK signal can no longer be viewed as Offset-QPSK. Typical receivers for GMSK use a linear approximation of the GMSK pulses [5][6] and treat the modulation as a sum of pulse amplitude modulation (PAM) signals. 
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Constant envelope waveform with NOMA
Although historically GMSK/MSK are typically used with orthogonal multiple access, such as GSM or Zigbee, it is important to notice that these waveforms can be easily integrated with non-orthogonal multiple access schemes using scrambling/spreading codes. In this section, we use GMSK as an example to illustrate.
As proved in [5], the GMSK signal can be very well (>99% energy captured) approximated by a PAM modulation with a known pulse shape spanning 4 modulation symbols. Therefore, the receiver implementation can be greatly simplified, and easily integrated with subsequent de-scrambling and de-spreading operations. Such principle is illustrated at a high level in Figure 6.
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The importance of this approximation is that the GMSK modulation at the RSMA transmitter can be transparent to the RSMA receiver, which will simply estimate the effective ISI channel, and apply any traditional receiver, such Rake receiver, FDE receiver, and then descramble/despread the signal as if it is a QAM modulated signal. Figure 7 gives an example implementation using legacy Rake receiver. Notice that receiver does not need to assume any GMSK modulator information. Other receiver types can also be applied, such as FDE receiver.
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As a summary, the main advantages of constant envelope modulations are:
· 0dB PAPR.
· Simple tx waveform synthesis as have been implemented widely in industry
· Can use very simple receiver design. Including legacy Rake receiver, FDE, etc.
· Can easily support asynchronous and scrambling/spreading operation with NOMA.
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One important aspect to achieving higher spectral efficiency with single carrier QAM in the presence of multipath fading is to employ a good equalization algorithm. In many cases, this is left to the design of the receiver and the complexity which can be afforded depending on implementation. Although there are well-known time-domain algorithms such as fractionally spaced equalization, RAKE, and adaptive equalization, it is a common misconception that computationally efficient frequency domain equalization is relegated to OFDM-only waveforms. In fact, to the contrary, single carrier can be implemented with frequency domain equalization, and the construction of a block-based transmission scheme which includes a cyclic prefix is often referred to formally as SC-FDE. Such a scheme is illustrated in Figure 2‑8. A standard that includes this waveform is 802.11ad, which is an unlicensed mmW technology at 60GHz, and commercial implementations using this waveform have been released by Qualcomm Atheros. 
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In summary, SC-FDE has comparable pros/cons as SC-QAM, except offering convenient implementation of FDE at receiver, at the cost of spectral efficiency loss due to CP.
As explained in the above sections, both the smoothing filter in the filtered  –BPSK modulation, or the Gaussian filter in the GMSK modulation can be equivalently viewed as part of the propagation channel, and are transparent to the receiver. The remaining part of the transmitted signal are simply segments of binary sequence with CP inserted, which is exactly the same as the SC-FDE waveform. Notice that the SC-FDE waveform is equivalent as the special case of SC-FDM waveform, where the DFT size equals the IFFT size. Therefore, the receiver at eNB side can simply utilize the existing FDE architecture already available for the regular SC-FDE uplink signals. At the same time, from UE side, the corresponding waveform synthesis is much simpler than the general SC-FDM, without the need of any DFT/IFFT operation.
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A variation on SC-FDE is DFT-spread OFDM, where the time domain QAM is transformed with an M-point DFT which is used to modulate a different set of tones across a larger IFFT which transforms this signal back to time domain. If the size M is equal to the size of the IFFT, we have the original SC-FDE of the previous section. 
[bookmark: _Toc424303280][bookmark: _Toc425248878][bookmark: _Toc425344848][bookmark: _Toc425350739][bookmark: _Toc425501597][bookmark: _Toc425504181][bookmark: _Toc425715613][bookmark: _Toc425778860][bookmark: _Toc425855221][bookmark: _Toc425864951]The M-point DFT precoding helps to retain the single carrier property after the N-point OFDM for the waveform synthesis, thus resulting in lower PAPR than the regular OFDM waveform discussed in the next section. The reduced PAPR can be translated to better efficiency if the PA is run with less backoff, though less ideal compared to other waveforms. However, as shown in Figure 2‑2, the PAPR of SC-FDM is typically still noticeably worse than single carrier QAM with specially selected modulation, such as the filtered  –BPSK described in section 2.1.1. Therefore, in general, the SC-FDM waveform is not the best candidate for scenarios where high PA efficiency is the critical concern.
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The zero-tail DFT-spread OFDM [8] is a variant of the single carrier DFT-spread OFDM. The main change is that the regular cyclic prefix is replaced by zero symbols padded to the data input to the DFT precoding, as shown in Figure 2‑9.
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It was claimed [8] that the zero-tail insertion has the following benefits:
· The length of the zero tail can be variable, depending of the channel delay spread and propagation delay on a per-user basis, rather than a fixed CP length across the network. This could potentially reduce the overhead for some users.
· The OOB leakage can be suppressed due to the zero padding, which smoothens the transitions between adjacent symbols.
· Zero tail can potentially reduce the overhead associated with RF beam switch.
When comparing DFT-spread OFDM with zero-tail, it would seem there is a slight improvement in link performance with the zero tail guard optimization. However, in reality it is not sufficient to only change the CP or guard to handle all delay spreads, but the subcarrier spacing (and thus block length) should also be scaled to best address the delay spread and channel selectively. Therefore, for the same block size and subcarrier spacing, the zero tail guard optimization might only benefit up to 7%, if we consider the CP overhead in LTE. Morever, there would be additional signaling overhead to support the added control loop complexity for zero-tail. 
Figure 2‑2 compare the PAPR of ZT DFT-spread OFDM to other single carrier waveforms. Notice that the part of post-IFFT samples corresponding to the inserted zero tails are not part of useful signal, we exclude it from average power calculation. As expected, the ZT DFT-spread OFDM gives comparable PAPR and EVM as the regular DPT-spread OFDM waveform.
Figure 2‑10 compares the PSD of ZT DFT-spread OFDM with single carrier QPSK. It worse than single carrier QPSK above -50dB, but decays faster at from -50dB. The oppositive case is true when compared against SC-FDMA from the previous figure.
Based on the above analysis, we can summarize the following for ZT DFT-spread OFDM:
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	statement
	comments

	1
	improvement to spectral efficiency of some users [8]
	Depending of the variation of delay spread among users. Up to 7% (i.e., remove current CP overhead)

	2
	Better OOB suppression than DFT-spread OFDM [8]
	But worse than DFT-spread OFDM with WOLA.

	3
	Extra signaling overhead
	UE need to know the delay spread of the channel.

	4
	Can’t multiplex with OFDM users within same band.
	The symbol duration is different from the OFDM users due to the lack of CP
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Generalized precoded OFDMA
An interesting proposal of low PAPR waveform is the generalized precoded OFDMA (GPO) [9]. GPO uses pulse shaping filter with time domain over-sampling to reduce PAPR. The time domain pulse shaping filter is selected as the Gaussian pulse based on Laurent’s PAM approximation of GMSK waveform.
Notice that in the special case of binary constellation, the GPO waveform becomes similar as the filtered  –BPSK, with the only major difference being the pulse shaping filter:
· filtered  –BPSK uses 3 tap FIR filter
· GPO uses Gaussian pulse from GMSK decomposition.
Conclusions
The following summarizes the proposals in this contribution.
Proposal 1: Single carrier waveforms should be evaluated for the potential application of mMTC (WAN IoE) uplink as well as eMBB uplink for macro-cell deployment.
Observation 1: low PAPR single carrier waveforms, such as the filtered  –BPSK, GMSK, GPO, etc., can achieve high PA efficiency, low ACLR, and simple transmitter/receiver complexity. These are good candidates to be considered for applications with extensive coverage and battery life requirements.
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