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1. [bookmark: _Ref298777854]Introduction
In RAN#87, a working assumption on modulation was agreed:
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM
· While using DFT-s-OFDM, 0.5*pi-BPSK modulation using DFT-S-OFDM with frequency domain spectrum shaping can be further considered at least for eMBB uplink data for up to 40GHz
· FFS
· The details of frequency domain spectrum shaping 
· This does not preclude the case where no spectrum shaping is needed
Furthermore, in RAN1 NR Ad-Hoc meeting, NR supports 0.5*pi BPSK modulation for DFT-s-OFDM is confirmed. However, whether to use frequency domain pulse shaping (FDSS) is still FFS. In this contribution, we discuss the frequency domain pulse shaping (FDSS) proposed in NR to further lower PAPR for DFT-S-OFDM, and provide our view on modulation schemes for NR. 
1. Frequency domain pulse shaping (FDSS)
FDSS has been proposed by several companies to further lower PAPR for DFT-S-OFDM. In Fig. 1, we show the pi/2 BPSK transmitter that employs a frequency domain pulse shaping.
If RS is also spectral shaped just like data channel does, we can take the FDSS as part of the channel, then the receiver doesn’t need any knowledge of the shaping function (filter) used by the transmitter. If RS is not spectral shaped like data channel does, then the receiver need knowledge of the shaping function, which can be equivalently viewed as channel estimation being spectral shaped. However, for pi/2 BPSK, if the taps of shaping filter is chosen to be 3 taps or less or the non-zero values only exist at odd-index positions and the original point (in time-domain response, like , or ), there is no interference between neighbouring symbols due to the  rotation then the receiver also does not need the knowledge of the shaping function in this case. 



Fig. 1: pi/2 BPSK with frequency domain pulse shaping
	Performance evaluation
PAPR
When we discuss PAPR, it is very important to keep the target scenario in mind. Here, we are more interested in the uplink coverage limited scenarios (i.e., the uplink power limited scenarios), so the transmissions with small number of RBs are the typical transmissions in these scenarios.
Note that the FDSS filter used in the simulation is set to  in time-domain response as an example, and of course further optimization of the filter taps can be done.
Fig. 2 to Fig.5 show the PAPR of pi/2 BPSK with and without shaping for 1RB, 2RBs, 4RBs, and 10RBs respectively. 
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Fig. 2  PAPR CDF for 1RB
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Fig. 3 PAPR CDF for 2RBs
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Fig. 4 PAPR CDF for 4RBs
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Fig. 5 PAPR CDF for 10RBs
From the PAPR results, we can see that pi/2 BPSK with FDSS can achieve a lower PAPR compared with pi/2 BPSK without FDSS (about 1.8~2.1 dB @ PAPR CCDF 99%) and pi/4 QPSK with FDSS can achieve a lower PAPR compared with pi/4 QPSK without FDSS (about 1.1~1.2 dB @ PAPR CCDF 99%). For QPSK without FDSS, QPSK and pi/4 QPSK have nearly the same PAPR distribution, while for QPSK with FDSS, pi/4 QPSK has a bit lower PAPR than QPSK (about 0.5 dB @ PAPR CCDF 99%).
Observation 1: pi/2 BPSK and pi/4 QPSK with FDSS both can achieve lower PAPR compared to the same modulation schemes without FDSS. But the PAPR gain decreases a lot when the modulation scheme changes from pi/2 BPSK to pi/4 QPSK.
Achieved maximum PA output power
In this section, the achieved maximum PA output power with each modulation scheme is discussed. The transmitter power is restricted by the ACLR, EVM and spectrum mask requirement with PA model taken into consideration (for a 10 MHz channel). The achieved maximum transmitter power for different modulation schemes and different RB number are given in Table 1.
In Fig. 6 to Fig.9, the PSD of different modulation schemes for 1RB, 2RBs, 4RBs and 10RBs are shown respectively.

[image: ]
Fig. 6 the PSD of different modulation schemes for 1RB
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Fig. 7 the PSD of different modulation schemes for 2RBs
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Fig. 8 the PSD of different modulation schemes for 4RBs
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Fig. 9 the PSD of different modulation schemes for 10RBs

Table 1 Maximum Transmitter Power (dBm) for Evaluated Modulations
	
	pi/2 BPSK w/o FDSS
	pi/2 BPSK with FDSS (gain)
	QPSK w/o FDSS
	pi/4 QPSK with FDSS (gain)

	1RB
	28.6
	28.6  (0 dB)
	27.4
	27.6  (0.2 dB)

	2RB
	28.6
	28.6  (0 dB)
	27.4
	27.6  (0.2 dB)

	4RB
	27
	28.6  (1.6 dB)
	26.3
	27.6  (1.3 dB)

	10RB
	27
	28.6  (1.6 dB)
	26.2
	27.6  (1.4 dB)



Based these results above, it is observed that when achieving the maximum PA output power, FDSS can provide 1.3~1.6 dB gain compared with that without FDSS when RB number is larger than 2, while FDSS shows little output power gain when RB number is 1 or 2.
Observation 2: on the achieved maximum PA output power, FDSS can provide 1.3~1.6 dB gain compared with that without FDSS only when RB number is larger than 2.
	Link level performance
In section 3.2, we’ve discussed the achieved maximum PA output power, and the results show that FDSS can provide 1.3~1.6 dB gain compared with that without FDSS only when RB number is larger than 2. However, the link budget performance is determined by both the achieved maximum PA output power and link level performance.
In this section, we discuss the link level performance (BLER) for the modulation schemes mentioned above on top of DFT-S-OFDM based on the Polynomial PA model [3]. Table A1 gives evaluation parameters. 

In Fig. 10 to Fig.13, the BLER performances are shown for pi/2-BPSK with and without spectrum shaping for different RB sizes. For pi/2-BPSK with spectrum shaping, performance curves of two different schemes with RS shaped and without RS shaped are shown, and they are schemes with channel estimation (CHE) shaped and without CHE shaped. 

The results show that the pi/2-BPSK without spectrum shaping has about 0.6 dB gain @ BLER 0.1 compared with pi/2-BPSK with spectrum shaping and CHE-NO-Shaping, and the performance of pi/2-BPSK with spectrum shaping and CHE-NO-Shaping is much better than pi/2-BPSK with spectrum shaping and CHE shaped (about 2.5 dB gain @ BLER 0.1).

Fig. 14 to Fig.17 show the BLER performances for pi/4-QPSK with and without spectrum shaping for different RB number. The BLER performance without FDSS is remarkably better than those with FDSS and CHE shaped (3 dB gain @ BLER 0.1).
The reason of BLER performance without CHE shaped much better than that of with CHE shaped is because the low power of shaped channel estimation for the edge subcarriers may magnify the noise during the equalization process.
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Fig. 10 BLER performances of pi/2-BPSK with and without FDSS for 1RB
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Fig. 11 BLER performances of pi/2-BPSK with and without FDSS for 2RB
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Fig. 12 BLER performances of pi/2-BPSK with and without FDSS for 4RB
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Fig. 13 BLER performances of pi/2-BPSK with and without FDSS for 10RB
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Fig. 14 BLER performances of pi/4-QPSK with and without FDSS for 1RB
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Fig. 15 BLER performances of pi/4-QPSK with and without FDSS for 2RB
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Fig. 16 BLER performances of pi/4-QPSK with and without FDSS for 4RB
[image: ]
Fig. 17 BLER performances of QPSK with and without FDSS for 10RB

Observation 3: The BLER performance without FDSS is better than that of with FDSS and CHE-NO-Shaping. The BLER performance without FDSS and with FDSS and CHE-NO-Shaping are remarkably better than those with FDSS and CHE shaped.
Observation 4: take the achieved maximum PA output power and BLER performance jointly into consideration, for pi/2 BPSK, FDSS with CHE-NO-shaping can achieve about 1.1dB link level gain compared with that without FDSS when RB number is larger than 2; while for pi/4-QPSK, FDSS need to be used with CHE shaped, so FDSS with CHE shaped cannot achieve any gain over without FDSS due to the BLER performance lost.
1. Conclusion 
In this contribution we have the following observations and proposals: 
Observation 1: pi/2 BPSK and pi/4 QPSK with FDSS both can achieve lower PAPR compared to the same modulation schemes without FDSS. But the PAPR gain decreases a lot when the modulation scheme changes from pi/2 BPSK to pi/4 QPSK.
Observation 2: on the achieved maximum PA output power, FDSS can provide 1.3~1.6 dB gain compared with that without FDSS only when RB number is larger than 2.
Observation 3: The BLER performance without FDSS is better than that of with FDSS and CHE-NO-Shaping. The BLER performance without FDSS and with FDSS and CHE-NO-Shaping are remarkably better than those with FDSS and CHE shaped.
Observation 4: take the achieved maximum PA output power and BLER performance jointly into consideration, for pi/2 BPSK, FDSS with CHE-NO-shaping can achieve about 1.1dB link level gain compared with that without FDSS when RB number is larger than 2; while for pi/4-QPSK, FDSS need to be used with CHE shaped, so FDSS with CHE shaped cannot achieve any gain over without FDSS due to the BLER performance lost.

Proposal 1: for pi/2 BPSK, FDSS with RS-NO-shaping can be applied when RB number is larger than 2.
Proposal 2: for pi/4-QPSK, FDSS is not needed.
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Appendix
Table A1 Parameters
	Assumptions 
	Value 

	Carrier frequency 
	4GHz 

	Duplex 
	FDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms 

	Subcarrier spacing 
	15KHz 

	Guard time interval 
	4.7us

	FFT size 
	1024

	Data transmission bandwidth 
	1,2,4,10 

	Antenna  configuration 
	1T1R 

	MIMO mode 
	SISO

	Rank per UE 
	Fixed single rank 

	MCS 
	Fixed. Pi/2 PBSK:1/3 and 1/2; QPSK 1/6, 1/4 and 1/3

	Control Overhead 
	Zero 

	Channel estimation 
	Ideal (without RS)

	Channel Model 
	AWGN
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