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Introduction
In RAN1 #NR-Adhoc meeting [1], it was agreed that
· NR considers frequency offset and PN compensation for DFT-s-OFDM
· FFS the exact method (e.g. pre-DFT /post-DFT insertion of PT-RS, blind detection, DM-RS)
· Consider receiver complexity, PAPR, modulation order to be supported,
At higher carrier frequencies, phase noise becomes significant and could result in an unacceptable performance degradation. This contribution studies the impact of phase noise for DFT-s-OFDM transmission and evaluates the performance of various phase noise correction methods.
One method to mitigate the impact of phase noise is to estimate the phase noise using phase noise tracking reference symbols (PTRS) and correct it at the receiver using the estimate. In this contribution, three phase noise correction methods are evaluated. 
· PTRS-based correction: 
· Common phase error (CPE) based correction: In this method, PTRS are used to estimate the common phase error [2]. This estimated error is used to correct the phase of the received symbols.
· Interpolation based correction: In this method, the phase noise on the reference symbols is estimated at the receiver after the IDFT when DFT-s-OFDM is used. Then, these phase noise values are interpolated using linear interpolation to estimate the phase noise on all received symbols. The estimated phase noise values are used for the correction.
For both of these methods, the PTRS are inserted pre-DFT for every OFDM symbol.
· In addition to the above, the blind correction method reported in [3] has been evaluated and its performance is compared to the performance of PTRS. 
Evaluation Results
The impact of phase noise on the spectral efficiency and the performance of various correction methods are evaluated via link level simulations. Results for 30 GHz and 70 GHz carrier frequencies with two phase noise models proposed in the “Way forward on phase noise modeling” document [4] are reported. Specifically, the models proposed in [5] and [6] are used in the evaluations.
The detailed simulation assumptions are provided in Table 1 in the Appendix. 
For the figures presented in this section:
· the label “No PN” means no phase noise was applied.
· the label “PN with no correction” means phase noise was modelled but no correction was made.




30 GHz Results with PN model in [5]
Figure 1 to Figure 6 compare the results for 30 GHz with subcarrier spacing (SCS) of 60 kHz using the phase noise model in [5]. In these figures, CPE correction is used when PTRS are employed. The following observations can be made from the figures:
· Figure 1 illustrates the spectral efficiency results for 4QAM. From these figures, it can be seen that the loss due to the phase noise is not significant and no correction may be needed.
· Figure 2 illustrates the spectral efficiency results for 16QAM. From these figures, it can be seen that the loss due to the phase noise is not significant for smaller allocations. For larger allocations, phase noise correction brings some gain with blind correction performing better than correction with PTRS. 
· Figure 3 illustrates the spectral efficiency results for 64QAM. These results show that the degradation due to phase noise is significant and correction is needed. Blind correction performs as good as or better than correction with PTRS. The same observation also holds for OFDM for which the results are presented Figure 12 in the Appendix.

Similar observations can be made for the SCS of 240 kHz as shown in Figures 9 to 11 in the Annex.
[image: ] [image: ]
Figure 1. Spectral efficiency for 60kHz SCS at 30 GHz with 4 or 32 RBs (QPSK) with PN model [5]
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Figure 2. Spectral efficiency for 60kHz SCS at 30 GHz with 4 or 32 RBs (16QAM) with PN model [5]
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Figure 3. Spectral efficiency for 60kHz SCS at 30 GHz with 4 or 32 RBs (64QAM) with PN model [5]

70 GHz Results with PN model in [5]
Figure 4 to Figure 6 illustrate the results for 4QAM, 16 QAM, and 64 QAM at 70 GHz for SCS of 240 kHz. The results reveal that phase noise causes significant degradation for high order modulation and correction is needed. Similar to the 30 GHz results, blind correction performs as good as or better than correction with PTRS. The same observation also holds for OFDM for which the results are presented in Figure 13 in the Appendix.
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Figure 4. Spectral efficiency for 240kHz SCS at 70 GHz with 4 or 32 RBs (QPSK) with PN model [5]
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Figure 5. Spectral efficiency for 240kHz SCS at 70 GHz with 4 or 32 RBs (16QAM) with PN model [5]
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Figure 6. Spectral efficiency for 240kHz SCS at 70 GHz with 4 or 32 RBs (64QAM) with PN model [5]

70 GHz Results with PN model in [6]
The performance of the various phase noise correction methods has also been investigated for the PN model introduced in [6]. Figure 7 illustrates the results for this model using 64QAM and 240 kHz subcarrier spacing for 70 GHz. In these results, both CPE based correction and interpolation based correction using the PTRS have been evaluated. 
The results show that phase noise severely degrades the performance and correction is necessary. Both blind correction and CPE based correction fail to improve the performance significantly. For example, with these methods, with 4 RB allocation at about 23 dB SNR, the best spectral efficiency is less than 1.5 bits/s/Hz; while with 32 RB allocation it is less than 0.5 bits/s/Hz. However, interpolation based correction significantly improves the performance. With 4 RB allocation at about 23 dB SNR, the best spectral efficiency is increased to about 4 bits/s/Hz; while with 32 RB allocation it is increased to almost 4.5 bits/s/Hz.
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Figure 7. Spectral efficiency for 240kHz SCS at 70 GHz with 4 or 32 RBs (64QAM) with PN model [6]
The reason behind the performance difference between these correction methods when PN model in [5] or [6] is used may be understood by investigating the time domain phase noise samples illustrated in Figure 15. The phase noise generated by using model [6] is less correlated in time, resulting in larger inter-carrier interference. Therefore, only CPE based correction (whether by using PTRS or blind estimation) may not be sufficient. Interpolation based method, on the other hand, estimates a unique phase noise value for each sample, resulting in a more accurate correction.
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[bookmark: _Ref473892660]Figure 8. Sample phase noise for 240 kHz SCS with models in [5] and [6]
Observations from the results
Although the blind compensation scheme performs as good as or better than the PTRS-based compensation for both DFT-s-OFDM and OFDM waveforms (see Figures 12 and 13 for OFDM waveform cases in Annex) in a certain PN model [5], the receiver complexity is higher than that of the PTRS-based techniques and the complexity becomes more significant as the number of iterations gets larger. Due to higher complexity, it may increase processing delay which may not be appropriate for some use cases (e.g., URLLC).
Moreover, the blind compensation scheme seems to be sensitive to the PN model as it fails to compensate phase noise in a specific PN model [6]. For example, if the phase noise angle variation is severe in time, the blind compensation scheme performs worse than the the interpolation based scheme using the PTRS.
Therefore, it seems to be beneficial that the use of PTRS is configurable in a UE-specific manner based on following conditions irrespective of the waveform:
· Receiver capability of blind compensation
· Modulation order scheduled
· Number of RBs allocated
· Phase noise angle variation severity 

Summary
In this contribution, we evaluated the spectral efficiency performance of DFT-s-OFDM with phase compensation schemes including PTRS-based and blind compensation. Based on the observation, we propose following:
Proposal: the use of PTRS is configured in a UE-specific manner irrespective of the waveform
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Appendix – Simulation Assumptions
[bookmark: _Ref225007379][bookmark: _Ref225007373]Table 1 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, 70 GHz

	Modulation and coding rate
	4QAM, 1/216QAM, 3/4
64QAM, 5/6


	Number of allocated PRBs
	4 PRBs, 32 PRBs

	Channel model
	AWGN

	Channel coding scheme
	Turbo

	Receiver
	MMSE

	Phase noise model
	PN model [5] and [6]











30 GHz Results with PN model in [5]
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Figure 9. Spectral efficiency for 240kHz SCS at 30 GHz with 4 or 32 RBs (QPSK) with PN model [5]
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Figure 10. Spectral efficiency for 240kHz SCS at 30 GHz with 4 or 32 RBs (16QAM) with PN model [5]
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Figure 11. Spectral efficiency for 240kHz SCS at 30 GHz with 4 or 32 RBs (64QAM) with PN model [5]

Results for OFDM with PN model in [5]
[image: ][image: ]
Figure 12. Spectral efficiency for 60kHz SCS at 30 GHz with 4 or 32 RBs (64QAM) with PN model [5]
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Figure 13. Spectral efficiency for 240kHz SCS at 70 GHz with 4 or 32 RBs (64QAM) with PN model [5]
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