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Introduction
In RAN1 #86bis, it was agreed that [1][2]
· The same constellation mapping as used in LTE (i.e. QPSK, 16QAM, 64QAM and 256QAM) is introduced, while not precluding other constellation mappings
· Note that there might be possibility to exclude some of above constellation mapping based on the further study
· Enhancement modulation schemes for further study include
· Higher order modulation in conjunction with MIMO
· Constellation mapping among subcarriers
· Other constellations (e.g., non-uniform QAM) 
· Coded modulations
· Spatial modulation
· Mappings of bits to symbol(s)
· Rotated-QAM up to BPSK, QPSK
· -QAM (0<k<=1)
· FFS k (e.g., k = 0.5 for BPSK, 0.25 for QPSK)
· Constellation Interpolation
· Note: Other modulation schemes or combinations of the above schemes are not precluded
· Note: Proponents should describe the details of the receivers

In this contribution, we provide further design details of low PAPR modulations using rotated-QAM, as well as spectral shaping techniques. Such low PAPR modulations can be easily integrated with single carrier or DFT-S-OFDM waveforms, and can be flexibly synthesized with arbitrary bandwidth while still maintaining close to “constant envelope” PAPR.
Therefore, such low PAPR modulation schemes are desirable candidates for applications including (but not limited to) mmW (at high carrier frequencies) and mMTC, where PA efficiency and RF nonlinearity become major limitations.
[bookmark: _Ref458791381][bookmark: _Ref378529477]Low PAPR QAM 
In this section, we give two examples of low PAPR QAM with very simple transmitter and receiver implementations.
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[bookmark: _Ref466111748]Figure 1 Reference synthesis of DFT-S-OFDM with low PAPR modulation

Filtered -BPSK
The general waveform synthesis can be illustrated in Figure 1. One simple example for the “QAM” block can be the  –BPSK modulation. The concatenation of  –BPSK and the appropriate “spectral shaping” provides very low PAPR, almost close to constant envelope, as shown in Figure 2. 
The input to the “QAM” block can be coded bits with potential spreading and scrambling, depending on the applications. A user specific scrambling code also enables non-orthogonal and grant-less uplink transmission from different devices. 
Also notice that if the spectral shaping filter is chosen to have 3 taps or less (in time-domain response), as in the example given in Figure 2, there is no ISI between neighbouring symbols (or chips) due to the  rotation. 
Figure 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 spectral shaping filter used in Figure 2 is set to  in time-domain response, just as an example. Further optimization of the filter taps can be done.
The spectral shaped  –BPSK modulation can support the same spectral efficiency as GMSK or BPSK (1-bit/symbol). 
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[bookmark: _Ref450837097]Figure 2 PAPR comparison
Because of the low PAPR, the transmitted signal with spectral shaped  –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][footnoteRef:2]. All the modulations have been normalized to the same total bandwidth: . Notice that  –BPSK gives the lowest ACLR with different clipping thresholds. [2:  Notice that the clipping PA model effectively models ideal DPD matched to the PA] 

[bookmark: _Ref450903402][bookmark: _GoBack]Table 1 ACLR comparison for various single carrier modulations/waveforms
	ACLR [dB]: 5% guard band on both sides

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

	SC-QPSK
	-30.34
	-33.51
	-34.28
	-34.28

	Spectral shaped  –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, either with DFT-S-OFDM or pure single carrier
· Very simple receiver design: re-use the regular BPSK demodulator. The smoothing filter applied at transmitter is transparent to the receiver.
Filtered Offset-QPSK (OQPSK)
Similar idea of smoothing filter can be applied to OQPSK modulation as well and can achieve the same spectral efficiency (i.e. 1-bit/symbol) and PAPR as the filtered  –BPSK. However, since adjacent symbols (or chips) on OQPSK don’t necessarily map to orthogonal dimensions, there could be ISI between adjacent symbols even with a 3-tap smoothing filter.
Spec transparent vs. spec non-transparent filter
There are three options in terms of whether the design of pulse shaping or filter should be transparent to NR standard or not. 
· Option 1: Non-transparent filter – filtering data but not pilot
· Option 2: Transparent filter – filtering both data and pilot
· Option 3: Non-transparent filter – filtering both data and pilot

With option 1, only data is filtered while pilot is not filtered. Therefore, the filter must be specified in the standard so that receiver can apply the filtering on top of channel estimation to get the actual channel for data symbols. The advantage of this option is the pilot does not to be reused without redesigning it. However, with this option, the PAPR of pilot becomes the bottleneck because it is not   –BPSK with filtering. 
With option 2, both data and pilot are filtered. Therefore, the filter could be transparent to standard and up to UE to implement. However, with transparent filtering, eNB has no knowledge of the filter and it will estimate the filtered channel blindly. For example, assuming a 3-tap filter is applied at the UE, also assuming the channel has 4 taps, after filtering, eNB sees a channel with 12 taps. Without any knowledge of the filter, eNB will have to estimate the 12-tap channel. On the other hand, if eNB has the knowledge of the filter, it knows the channel has only 4 taps. Therefore, certain observed channel taps could be absorbed together to improve the channel estimation quality. Another disadvantage of option 2 is that the quality of transparent filter design is out of control from eNB point of view. In the worst case, a UE could implement a bad filter which can lead to performance degradation. 
With option 3, both data and pilot are filtered, which is the same as in option 2. But unlike option 2, the filter is still specified in standard. Therefore, as we discussed above, the eNB can use that knowledge of the filter to improve the channel estimation. Another benefit is that the filter design can have certain guaranteed quality.
Pilot design for low PAPR modulation
The principle of pilot design with low PAPR modulation is that the PAPR of the DM-RS chosen for Pi/2 BPSK modulation should be no worse than the PAPR of Pi/2 BPSK data. When pilot is filtered, fortunately, because the filter automatically improved the PAPR of pilot, as long as we can guarantee low PAPR of the pilot sequence before filtering, the filter will produce even lower PAPR at output. Furthermore, since PAPR is dominated by the data symbols which are anyway random +/-1 bits, what we need to ensure is that the PAPR of pilot is not worse than that of data. Theoretically, finely optimizing the pilot PAPR would allow us to boost the TPR. But this is not usually done (even today for LTE UL 16qam, the pilot has better PAPR than data, but we don’t use that to boost the TPR).
Conclusions
In this contribution, we provide a high-level description of spectral shaped rotated-QAM, which gives attractive PAPR and RF emission properties.
Based on the discussions in above sections, we have the following proposals.
Proposal 1: The filtering used for Pi/2-BPSK spectral shaping should be defined in the standard 
· FFS: accuracy/tolerance of filter definition (in RAN4 specification)
· FFS: whether to allow configurable option of disabling spectral shaping

Proposal 2: The PAPR of the DM-RS should be no worse than the PAPR of data.
Proposal 3: Select one of the following
· The same spectral shaping is applied to both DM-RS and data (preferred)
· Spectral shaping is applied only to data  
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