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Introduction
In RAN1#88b, the following agreement was made:
· For CP-OFDM, the same PTRS to RE mapping and PTRS densities in time and frequency are available for DL and UL 
· Distributed PTRS (non-consecutive subcarriers) in the frequency domain is used as default configuration
· FFS: Support optional frequency-localized pattern with UE-specific explicit signaling.  (e.g. higher MCS case) 
· For single-user case, support orthogonal multiplexing among PTRS ports, if multiple PTRS antenna ports are supported.
· FFS: how to multiplex multiple PTRS ports, e.g. FDM, TDM, CDM
· FFS: Whether to support multiple PTRS ports or not (FFS: Max number of PTRS APs).
· Support orthogonal multiplexing between PTRS and data transmitted or received by a single UE.
· For MU-MIMO, non-orthogonal multiplexing of e.g. PTRS/PTRS and PTRS/data is possible but also orthogonal multiplexing to be considered
· FFS: Support multiplexing through multiple scrambling sequences for PTRS port(s) 
· Support association between PTRS port and DMRS port group

[bookmark: _Ref178064866]In this contribution, we discuss different aspects related with the design of the Phase Tracking Reference Signal (PTRS) for UL when the DFT-S-OFDM waveform is used.
Discussion
It was agreed on RAN1 87ah that DFT-S-OFDM should consider PTRS for phase noise and frequency offset compensation. However, phase noise and frequency offset estimation have different requirement. So frequency offset estimation could be better use a separate reference signal. The discussion on additional use of PTRS for other purposes will be discussed under the tracking agenda point 7.1.2.4.6 and not further discussed in this contribution which focus on phase noise issues. 
As indicated in [1], the design of PTRS for DFT-S-OFDM is an important open issue for UL at mm-Wave frequencies. In this contribution we compare two different PTRS designs proposed for DFT-S-OFDM (shown in Figure 1):
a) pre-DFT, in which there is time multiplexing between data and PTRS.
b) post-DFT with data puncturing.
In [2] we discussed about the advantages and disadvantages of the previous schemes. One of the most important advantages of the post-DFT is that preserves the same PTRS design of CP-OFDM, which implies that we can use the same receiver structure for both waveforms. However, in this scheme, when inserting the PTRS sub-carriers we lose the DFT-S-OFDM single carrier property (increasing the PAPR/CM), while in the pre-DFT scheme the DFT-S-OFDM single carrier property is kept (because the PTRS symbols are TDM with the data symbols). 
In Table 1 we show a comparison of the PAPR and CM of pre-DFT and post-DFT PTRS schemes for different scheduled BW. From the results we can see that pre-DFT scheme is at least 1 dB better in terms of CM and 0.9 dB better in terms of PAPR. This is a very important fact and a very good motivation to use pre-DFT PTRS scheme, because DFT-S-OFDM is target for limited coverage scenarios, where good PAPR/CM properties are especially important.
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[bookmark: _Ref481593714]Figure 1. pre-DFT vs post-DFT PTRS scheme.
	
	Average CM (PAPR) [dB]

	
	4 PRB
	8 PRB
	16 PRB
	32 PRB

	Post-DFT PTRS with density 1
	2.5 (6.1)
	2.5 (6.6)
	2.5 (7.0)
	2.6 (7.3)

	Post-DFT PTRS with density 2
	2.3 (6.0)
	2.4 (6.5)
	2.4 (6.9)
	2.4 (7.2)

	Post-DFT PTRS with density 4
	2.0 (5.6)
	2.2 (6.3)
	2.3 (6.8)
	2.3 (7.2)

	Pre-DFT PTRS
	1.2 (5.2)
	1.2 (5.5)
	1.2 (5.9)
	1.2 (6.1)


[bookmark: _Ref481595801]Table 1. PAPR/CM comparison of pre-DFT and post-DFT PTRS schemes.
The PAPR/CM for post-DFT PTRS scheme is significantly worse than in pre-DFT PTRS scheme (at least 1 dB worse).
From Figure 2 to Figure 6 we show the evaluation results comparing the performance of pre-DFT and post-DFT PTRS schemes (with CPE compensation in both cases). The evaluations have been done for different MCS and different scheduling BW at 30 GHz carrier frequency. In the graphs, the legend entry “post-DFT PTRS, density X” refers to the case with post-DFT PTRS scheme with data puncturing, in which 1 subcarrier each X PRB is punctured and PTRS is mapped to this sub-carrier. The entry “pre-DFT PTRS, density X” refers to the case with pre-DFT PTRS scheme, in which we schedule 1 PTRS symbol each X*12 symbols in the DFT domain.
Figure 2 and Figure 3 reveal that for QPSK modulation none of the PTRS schemes provides processing gain, so PTRS should not be scheduled for QPSK. Figure 4 and Figure 5 show that PTRS provides some processing gain for 16-QAM modulation scheme, with similar results for pre-DFT and post-DFT schemes (pre-DFT offers slightly better performance for low SNR, while post-DFT offers better performance for high SNR). Figure 6 clearly shows that for 64-QAM modulation scheme PTRS offers big processing gain, specially using the pre-DFT scheme (which clearly outperforms the post-DFT scheme). 
PTRS does not provide processing gain for low order modulation schemes.
[bookmark: _Toc481659549][bookmark: _Toc481666911][bookmark: _Toc481667035][bookmark: _Toc481667115][bookmark: _Toc481744518][bookmark: _Toc481754805]When using DFT-S-OFDM, PTRS should only be scheduled for medium and high modulation schemes.
The shown evaluation results reveal that in the cases in which PTRS offers processing gain (medium and high modulation schemes), pre-DFT scheme offers equal or better performance than post-DFT scheme. This is because the data puncturing of sub-carriers in the post-DFT schemes produces a degradation that has significant effect for medium and high modulation schemes, especially when more than 1 subcarrier is punctured. 
With all, pre-DFT PTRS scheme offers better PAPR/CM properties and better performance for medium and high modulations schemes. Therefore, it should be used with DFT-S-OFDM waveform.
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[bookmark: _Toc481659551][bookmark: _Toc481666913][bookmark: _Toc481667037][bookmark: _Toc481667117][bookmark: _Toc481744520][bookmark: _Toc481754807]PTRS allocation and density in the DFT domain should be further studied.
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[bookmark: _Ref481496558]Figure 2. pre-DFT vs post-DFT PTRS for carrier frequency 30 GHz, QPSK(1/3) and 60 kHz.
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[bookmark: _Ref481594289]Figure 3. pre-DFT vs post-DFT PTRS for carrier frequency 30 GHz, QPSK(1/2) and 60 kHz.
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[bookmark: _Ref481594571]Figure 4. pre-DFT vs post-DFT PTRS for carrier frequency 30 GHz, 16-QAM(2/3) and 60 kHz.
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[bookmark: _Ref481594573]Figure 5. pre-DFT vs post-DFT PTRS for carrier frequency 30 GHz, 16-QAM(3/4) and 60 kHz.
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[bookmark: _Ref481594123]Figure 6. pre-DFT vs post-DFT PTRS for carrier frequency 30 GHz, 64-QAM(3/4) and 60 kHz.
Conclusions
Based on the discussion in this contribution we propose the following:
Proposal 1	When using DFT-S-OFDM, PTRS should only be scheduled for medium and high modulation schemes.
Proposal 2	When using DFT-S-OFDM, if PTRS is configured it must use a pre-DFT scheme.
Proposal 3	PTRS allocation and density in the DFT domain should be further studied.

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref481660455][bookmark: _Ref477791508][1] 	R1-1707803, “Summary of PTRS open issues and companies views”, Ericsson
[bookmark: _Ref481667154][2] 	R1-1705907, “On UL PTRS Design”, Ericsson
[bookmark: _Ref477793052][bookmark: _Toc477947886]Appendix
0. [bookmark: _Toc477947887]Simulation assumptions
	Parameter
	Value

	Channel Model
	TDL-A

	Transmission Slot Length
	14 symbols

	UE speed
	3km/h

	Delay spread
	100 ns

	Link Adaptation
	Disabled

	Tx Scheme
	Single antenna transmission scheme (1 port)

	Rx Scheme
	Single antenna transmission scheme (1 port)

	Phase noise model
	As proposed in R4-1701165 applied on both BS and UE

	Number of layers
	1

	Channel estimation
	Practical LMMSE channel estimation using front loaded RS pattern

	Phase estimation
	Practical phase estimation


[bookmark: _Ref477940397]Table 2. Simulation assumptions 1
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