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Introduction
In RAN1 #88bis, the support of PTRS for DFT-s-OFDM has been agreed as a working assumption as following [1]:
Working assumption:
· Uplink PTRS for DFT-s-OFDM waveform is supported.
· Presence of PTRS for DFT-s-OFDM is UE-specifically configurable
· FFS: Pattern/density of PTRS for DFT-s-OFDM is UE-specifically configurable or not

However, there are still a lot of open issues on PTRS especially for DFT-s-OFDM waveform. In this contribution, we discuss and evaluate the PTRS insertion options for further progress.
PTRS Insertion Options

This contribution compares the performance of three PTRS insertion option for DFT-s-OFDM which are illustrated in the Figure 1.
· Pre-DFT PTRS insertion: PTRS and data modulation symbols are multiplexed before the DFT.
· Post-DFT PTRS insertion by puncturing: data modulation symbols are precoded with the DFT. The outputs of the DFT block are punctured and replaced with PTRS before being mapped to the allocated subcarriers.
· Post-DFT PTRS insertion by multiplexing: the data symbols are precoded with DFT. Then, the output of the DFT block and PTRS are multiplexed before being mapped to the subcarriers. Note that in this option, assuming the number of allocated subcarriers is M, the size of the DFT would be M-L for the OFDM symbols containing PTRS, where L is the number of PTRS. For the OFDM symbols without PTRS, the DFT size would be M.
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Figure 1 Block diagram of the PTRS insertion options for DFT-s-OFDM

Table 1 summarized pros and cons of the three PTRS insertion options in terms of PAPR, complexity, and spectral efficiency. The pre-DFT PTRS option has the lowest PAPR since it preserves the single carrier property. It also has the lowest transmitter complexity since the waveform generation does not need to be changed. In addition, the pre-DFT PTRS supports interpolation based PN correction [4] since it provides access to the PTRS in time domain; interpolation for frequency domain PTRS would involve higher complexity. Finally, the spectral efficiency of post-DFT by puncturing is significantly lower because puncturing a symbol in frequency domain damages all of the information bits. Although the spectral efficiency of pre-DFT and post-DFT by multiplexing is similar, pre-DFT performs better in certain cases when interpolation based correction is used.


Table 1. Comparison of the three PTRS insertion options 
	
	pre-DFT PTRS
	post-DFT PTRS (multiplexing)
	post-DFT PTRS
(puncturing)

	PAPR
	Low
	Highest
	High

	Transmitter complexity
	Low (no change to waveform generation)
	Higher (DFT size changes with and without PTRS)
	Higher

	Support for interpolation based PN correction
	Straightforward
	Complex
	Complex

	Spectral efficiency
	High
	High
	Lowest




Evaluation Results
PAPR comparison
Figure 2 and Figure 3 compare the PAPR of the pre-DFT and post-DFT PTRS with 32 RBs. It can be seen from the figures that the PAPR of the pre-DFT method does not change as the number of PTRS increases. However, the PAPR of the post-DFT methods increases with the number of PTRS due to the loss of the single carrier property. 
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Figure 2. PAPR comparison of the pre-DFT and post-DFT options for 16 QAM
[image: ] [image: ]
[image: ]
Figure 3. PAPR comparison of the pre-DFT and post-DFT options for 64 QAM


30 GHz Spectral Efficiency with PN model in [2]
Figure 4 and Figure 5 compare the results for 30 GHz with subcarrier spacing (SCS) of 60 kHz using 16QAM and 64QAM. In these figures, the PN model from [2] is used and CPE correction is employed. We can see from these results that the spectral efficiency of post-DFT puncturing is significantly lower than with the other methods. The performance of post-DFT puncturing degrades as more PTRS are inserted due to the loss in the coding gain. The performance of pre-DFT multiplexing and post-DFT multiplexing is very similar, especially for the best spectral efficiency.
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Figure 4. Spectral efficiency for 60kHz SCS at 30 GHz with 16QAM with PN model [2]
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Figure 5. Spectral efficiency for 60kHz SCS at 30 GHz with 64QAM with PN model [2]

52 GHz Spectral Efficiency with PN model in [2]
Figure 6 and Figure 7 compare the results for 52 GHz with subcarrier spacing of 240 kHz using 16QAM and 64QAM. In these figures, the PN model from [2] is used and CPE correction is employed. The same observation as the 30 GHz case can be made from these figures: The spectral efficiency of post-DFT puncturing is significantly lower than with the other methods. The performance of post-DFT puncturing degrades as more PTRS are inserted due to the loss in the coding gain. The performance of pre-DFT multiplexing and post-DFT multiplexing is very similar, especially for the best spectral efficiency.
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Figure 6. Spectral efficiency for 240kHz SCS at 52 GHz with 16QAM with PN model [2]
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Figure 7. Spectral efficiency for 240kHz SCS at 52 GHz with 64QAM with PN model [2]


52 GHz Spectral Efficiency with PN model in [3]
Figure 8 illustrates the spectral efficiency results using the PN model proposed in [3]. In these results, both CPE based correction and interpolation based correction using the PTRS have been evaluated [4]. The results show that, using interpolation based correction for the pre-DFT method, the performance improves significantly.
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Figure 8. Spectral efficiency for 240kHz SCS at 52 GHz with 64QAM with PN model [3]

Summary
In this contribution, we evaluated the performance of pre-DFT and post-DFT insertion for PTRS. The following observations have been made:
· The performance of post-DFT PTRS insertion by puncturing is not acceptable.
· Depending on the PN model, the performance of pre-DFT PTRS insertion is similar or better than post-DFT PTRS insertion by multiplexing.
· The PAPR of the pre-DFT PTRS insertion is significantly lower than the post-DFT PTRS insertion by multiplexing.

Based on the above observations, the following is proposed:
Proposal 1: pre-DFT PTRS insertion is supported for DFT-s-OFDM.
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Appendix – Simulation Assumptions
[bookmark: _Ref225007379][bookmark: _Ref225007373]Table 2 Simulation Assumptions
	Parameters
	Value

	System bandwidth
	80 MHz (for SCS=60 kHz)
320 MHz (for SCS=240 kHz)

	Subcarrier spacing
	60 kHz, 240 kHz

	Number of PTRS
	1, 2, 4, 8, 16

	Carrier Frequency 
	30 GHz, 52 GHz

	Modulation and coding rate
	16QAM, 3/4
64QAM, 5/6


	Number of allocated PRBs
	32 PRBs

	Channel model
	AWGN

	Channel coding scheme
	Turbo

	Receiver
	MMSE

	Phase noise model
	PN model [2] and [3]
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